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ABSTRACT
The contamination of soils, with polycyclic aromatic hydrocarbons (PAHs), remains a
widespread environmental concern. In the past two decades, many physical, chemical and
biological methods have been developed and evaluated for the degradation of PAHs. However,
due to their low aqueous solubility, high sorption affinity, hydrophobicity and recalcitrance, the
environmental remediation of PAHs in soil continues to be economically challenging. In addition
to PAH contamination, the presence of oxygenated derivatives of PAHs (OPAHs), in soils, has
increasingly become a concern due to their greater toxic properties compared to parent PAH
compounds. To date, no investigations on OPAH-remediation methods have been presented in
the literature.
The use of zero-valent metals (ZVMs) has been reported for several halogenated
contaminants in solution systems, but the effectiveness of ZVM to degrade sorbed PAHs and
OPAHs has been rarely addressed. This present research focuses on the development of a
combined technique for the feasible desorption and degradation of PAHs and OPAHs in soils.
PAH and OPAH degradation efficiency, using activated magnesium (Mg) metal combined with
an ethanol-ethyl lactate cosolvent (1:1 ratio), was initially examined in soil-free systems. This
metal/cosolvent system demonstrated adequate degradation (above 80%) for high-molecularweight (HMW) PAHs, which were subsequently converted into hydroaromatic compounds;
while OPAHs were degraded and converted into hydroxylated or hydrogenated derivatives.
Further soil-free studies revealed that the degradation rate was affected by the surface or reactive
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sites of the metal and that optimum degradation efficiency were obtained with Mg ball milled
with graphite (Mg/C).
In a bench-scale feasibility test, the efficacy of this system was assessed on a soil spiked
with a mixture of three HMW PAHs compounds and three OPAHs compounds with amounts
ranging from 0.033 mmol to 0.060 mmol. The experimental results show that 2 mL of an
ethanol-ethyl lactate solvent mixture resulted in 58% to 85% extraction efficiency for the
selected contaminants in 1 g of spiked soil, followed by 64 - 87% degradation efficiency of the
extracted contaminants with 4.11 mmol of the activated metal. This activated-Mg/cosolvent
system can be considered as a promising alternative method for ex situ remediation of PAH and
OPAH-contaminated soils.
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CHAPTER ONE: INTRODUCTION
Problem Statement

The Agency for Toxic Substances and Disease Registry (ATSDR) and the U.S.
Environmental Protection Agency (EPA) have both listed several polycyclic aromatic
hydrocarbons (PAHs) among the most commonly-found pollutants at facilities on the National
Priorities List (NPL) [1]. In addition many of the PAH compounds listed, tend to partition in
soils as opposed to air or water, because of their hydrophobic and low-volatile nature and have
been determined to pose the most significant potential threat to human and environmental health
due to their known or suspected toxicity [2]. Thus, there is a critical need to efficiently and
effectively remediate these contaminants from soils.
Unfortunately, current remediation technologies have some limitations. For example,
bioremediation of PAHs in soils is often slow, requiring months or years for adequate
degradation. This is due to the strong sorption and low solubility of the PAHs, leading to limited
amount of contaminants available for microbial attack [3]. Direct incineration of PAH
compounds has been shown to be effective; however this process can be costly due to the amount
energy required. Concerns also exist over the fact that toxic by-products, such as polychlorinated
dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs), may be generated
during the course of the treatment [4, 5]. The fundamental purpose of this dissertation research
is to develop and assess a new method, for removing and degrading PAH contaminants in the
soils, which can be considered as a significant and efficient alternative to existing techniques.
1

CHAPTER TWO: WHAT ARE POLYCYCLIC AROMATIC
HYDROCARBONS? REVIEW ON THEIR SOURCES, PROPERTIES,
TOXICITY, FATE AND REMEDIATION

Introduction

PAHs along with other substances, such as polychlorinated biphenyls (PCBs) and
organochlorine pesticides (OCPs), are regarded as persistent organic pollutants (POPs). These
are organic contaminants which are characterized as ubiquitous due to their presence in the
atmosphere, hydrosphere and soils. They are also resistant to degradation, can persist in the
environment for long periods of time and have been known to cause adverse health effects [6].
POPs are considered as semi-volatile compounds and can be transported between the atmosphere
and the earth’s surface in continuous cycles of deposition and volatilization [7].
PAHs are a unique class of pollutants, due in part to their sources and distributions in the
environment. Unlike other POPs, which originate from a single source, PAHs are released into
the environment either pyrogenically (i.e. combustion of fossil fuels and biomass) or
petrogenically (i.e. unburned petroleum products). Secondly, compared to other POPs that have
been banned or limited in use; PAHs are continually released into the environment due to
ongoing utilization or burning of fossil fuels [8]. Thirdly, compared to the relatively limited
number of other harmful organic pollutants; there are thousands of possible PAH structures
formed in the environment. Finally, when released into the environment during the combustion
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of fossil fuels, PAHs are never found in pure chemical from, they are often associated with soot
carbon [9]

Sources and Principal Characteristics of PAHs

Origins of PAHs

As noted above, PAHs found in the environment originate from two possible sources:
pyrogenic (i.e. combustion of petroleum products) and petrogenic (i.e. formation of petroleum
products). Most of the PAHs, found in various environmental media, are formed during the
incomplete combustion of organic matter [10]. PAHs, resulting from such high-temperature and
short-term combustions, are called pyrogenic and are believed to form from the breakdown or
“cracking” of organic matter into lower molecular weight radicals, followed by rapid reassembly
into PAH structures [11]. Anthropogenic activities like combustion of fossil fuels, motor vehicle
emission, waste incineration, wood burning, and formation of creosote, coal tar, coke and asphalt
create the majority of PAHs in the environment [12]. Natural sources, such as volcano eruptions
and forest fires, also contribute to the production of pyrogenic PAHs. Most of the PAHs,
generated pyrogenically, are characterized as non-alkylated structures. This chemical profile is
related to the combustion temperature at which these compounds are created. For example,
during industrial activities, which occur at high temperatures (1500-2000 oC), only non-
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substituted PAHs are present; while lower temperatures (400-800 oC), during forest fires, allow
for the formation of some alkylated PAHs [13].
The remaining fractions of PAHs, formed in the environment, are not created by high
temperature and open flames. Various carbonization processes, over geologic time scales, also
lead to the formation of petroleum and other fossil fuels containing PAHs [14]. These types of
PAHs, characterized as petrogenic, are produced from decaying biological material at relatively
low temperatures (~150 oC) and high pressure over long periods of time. The transformation
resembles pyrolysis, but the reactions are exceedingly slow because of the modest temperature
involved and the products are primarily alkylated-PAH molecules.

Structure and Physical-Chemical Properties

Polycyclic aromatic hydrocarbons (PAHs) are relatively stable organic compounds,
composed of at least two or more fused benzonoid-rings of carbon and hydrogen atoms arranged
in either a linear, angular or clustered fashion [15]. At standard temperature and temperature (1
atmospheric pressure and temperature of 25 oC), these compounds are present in solid crystalline
form. There are thousands of PAH congeners present in the environment, but the U.S.
Environmental Protection Agency (EPA) has placed 16 PAH compounds on the Priority
Pollutant List [16]. Pollutants are added to this list because of their frequent occurrence in
hazardous sites and their significant toxicological impact on the environment. Figure 1 shows the
chemical structures of these 16 PAHs.
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Figure 1-1: Chemical structures of the 16 priority pollutant PAHs.
5

Based on their ring structures, PAHs can be divided into two groups based on ring
structure: alternant and non-alternant. Alternant PAHs, such as benzo[a]pyrene, contains only
fused benzene rings; while non-alternant PAHs, such as acenaphtene and benzo[k]fluoranthene,
may contain five-membered rings fused together with benzenoid rings. Some physical-chemical
characteristics of PAHs are strongly linked to their particular chemical structure. For example,
both alternant and non-alternant PAHs are planar molecules composed of aromatic rings, which
contain pi (π) electrons that are delocalized on many of the carbon atoms of the rings and
therefore stabilizing the PAH structures and rendering them less chemically active [17]. The
arrangement of the aromatic rings, whether linear or angular, can also influence the stability of
the PAH molecules. Angular PAHs, such as phenanthrene and chrysene, are found to be among
the most stable compounds in the priority list [18].
The physical-chemical properties, of the priority PAHs, are presented in Table 1-1.These
priority compounds have molecular weights between 128 and 278 g/mol and are comprised of
two to six fused-aromatic rings. Among the various properties of organic pollutants, solubility
and vapor pressure are the major indices of a contaminant’s distribution between the solid and
liquid matrices of the environment. From Table 1-1, it can be noticed that properties such as
aqueous solubility and vapor pressure change significantly moving from two to six benzene rings
in the PAH-molecule. For example, from naphthalene (the lightest PAH with 2 aromatic rings) to
dibenz[a,h,]anthracene (heavy PAH compound with 5 aromatic rings) a notable solubility of 32
mg/L is significant decreased down to 10-4 mg/L. The same can be said about the volatility of
PAHs since the vapor pressure, which described the point at which PAHs in the solid state either
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evaporate into a gaseous form or condense back to a solid state, goes from 11.8 Pa for
naphthalene to a billion times less (2.8 x 10-9 Pa) for dibenz[a,h]anthracene. The hydrophobicity,
of priority PAH compounds, is characterized by an octanol-water partition coefficient (Kow),
which describes the partitioning of a compound between a lipophilic phase (octanol) and a
hydrophilic phase (water). This dimensionless coefficient is often used to measure the partition
of PAHs between water in organic matter in soils [19]. For example, naphthalene has a log Kow
of 3.37, while the log Kow for dibenz[a,h]anthracene is 6.75; meaning that naphthalene is more
likely to be found in aqueous compartments (hydrosphere) of the environment than
dibenz[a,h]anthracene. As a result of the influence of chemical structure and molecular weight
on the physical-chemical properties, PAHs are classified as low molecular weight (LMW) if they
have two or three fused rings or high molecular weight (HMW) if they have four or more fused
rings [20]. Therefore, LMW PAHs are much more water soluble and volatile than their HMW
counterparts, while the HMW PAHs show higher hydrophobicity than the LMW compounds
[21].
These physical and chemical properties, of PAHs, can largely determine their fate in the
environment. For example, LMW PAHs, because of their volatile and water-soluble nature, can
exist in either the atmosphere or the hydrosphere and are therefore highly susceptible to various
aquatic and atmospheric degradation processes. On the other hand, due to their low volatility and
high hydrophobicity, HMW PAHs will strongly absorb to solid matrices (particulate matter or
soil particles), making them less available for degradation and allowing them to persist more in
the natural environment.
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Table 1-1: Physical and chemical properties of the 16 priority PAH compounds [22].

Compound

Number of

Molecular

Solubility in

Vapor

Log

Rings

Weight

Water

Pressure

Kow

@ 25 oC
(g/mol)

(mg/L)

(Pa)

Naphthalene

2

128.17

31.8

11.866

3.37

Acenaphthene

3

154.21

3.8

0.500

3.92

Acnaphthylene

3

152.2

16.1

3.866

4.0

Anthracene

3

178.23

0.045

3.40 x 10-3

4.54

Phenanthrene

3

178.23

1.1

9.07 x 10-2

4.57

Fluorene

3

166.22

1.9

0.432

4.18

Fluoranthene

4

202.26

0.26

1.08 x 10-3

5.22

Benz[a]anthracene

4

228.29

0.011

2.05 x 10-5

5.91

Chrysene

4

228.29

0.0015

1.04 x 10-6

5.91

Pyrene

4

202.26

0.132

5.67 x 10-4

5.18

(Continued on next page)
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Compound

Number of

Molecular

Solubility in

Vapor

Log

Rings

Weight

Water

Pressure

Kow

@ 25 oC
(g/mol)

(mg/L)

(Pa)

Benzo[a]pyrene

5

252.32

0.0038

6.52 x 10-7

5.91

Benzo[b]fluoranthene

5

252.32

0.0015

1.07 x 10-5

5.80

Benzo[k]fluoranthene

5

252.32

0.0008

1.28 x 10-8

6.00

Dibenzo[a,h]anthracene

5

278.35

0.0005

2.80 x 10-9

6.75

Benzo[g,h,i]perylene

6

276.34

0.00026

1.33 x 10-8

6.50

indeno[1,2,3-cd]pyrene

6

276.34

0.062

1.87 x 10-8

6.50
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Toxicity of PAHs

The toxicity of PAHs can be expressed in two principle mechanisms: genotoxicity and
photo-toxicity.

Genotoxicity

Genotoxicity is defined as any toxic modifications of the structure or function of the
genetic material of life, deoxyribonucleic acid (DNA) [23]. Any changes in the DNA structure,
which permanently affect the function of cells, are called mutations and the agents responsible
for such mutations are characterized as mutagens. Genetic mutations can induce cell death or
result in events which may initiate cancer (carcinogenesis). It is important to note that PAHs are
not direct-acting mutagens [24], in fact within all organisms; there exists a physiological
mechanism of detoxification (by way of cytochrome P-450 enzymes) which converts ingested
xenobiotic products into hydrophilic compounds, which are in turn eliminated from the body. In
the case of certain PAHs, such as benzo[a]pyrene, reactive species are formed with cytochrome
P450 and covalently bind to DNA, forming mutations and ultimately leading to the formation of
cancer. These specific PAHs are labeled as promutagens and procarcinogens, due to the fact that
they induce the formation of mutagenic and carcinogenic products during the detoxification
mechanism [25]. Mutations can be seen with PAHs containing as low as 3 aromatic rings (like
phenanthrene); while the carcinogenic potential appears in a marked way for PAHs with 4
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benzenoid rings (benz[a]anthtracene). For PAHs with 5 or more rings, the procarcinogenic and
promutagenic properties become very noticeable with a good correlation between them [23].

Photo-toxicity

Photo-toxicity corresponds to an indirect toxicity of PAH molecules under the effect of
ultraviolet (UV) radiation. UV is a component of sunlight and can be absorbed by some
components of heavy oil, including PAHs. Aquatic environments are subject to both UV-B (280
to 320 nm) and UV-A (320 to 400 nm) exposure [26]. One of the main determinants of photoactivation is the gap between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbitals (LUMO). PAHs, that possess band-gap energy in the range of 6.87.6 electron volts (eV), are known to be activated by UV radiation. Anthracene, fluoranthene,
benz[a]anthracene, benzo[a]pyrene and benzo[b]fluoranthene are susceptible to activation by
absorbing UV radiation (excited state) through the conjugated bonds present and transfer the
energy to a nearby oxygen molecule and thereby forming an oxygen radical. This radical, if
ingested, can therefore attack biological molecules, in particular cellular membranes by lipid
peroxidation [27]. One critical feature of PAH photo-toxicity is that these compounds must be
bioaccumulated and retained in the tissue for photo-activation to occur [28]. Even though phototoxic effects have been successfully demonstrated in laboratory studies, some authors have
concluded that several factors in the environment will actually impede the photo-activation
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process and protect organism from the expected increase in tissue damage, implying that phototoxicity of PAHs is only a minor environmental concern [27].

PAHs Contamination in Soils

Even though PAHs are widespread and are found in air, water and terrestrial systems; soil
is the environmental compartment the most polluted by these contaminants. Wilcke [29] reported
that, in Great Britain, the soils act as repository and can contain more than 90% of the PAHs
present in the environment. Like most POPs, the concentration of PAHs in the soils varies based
on the type of pollution, the distance from the polluting center and most importantly the nature of
the pollution source [30]. The accumulation of PAH, in soils, may result from two main types of
pollutions: point source and diffuse pollution.
Diffuse pollution arises when PAH substances are carried and dispersed over a terrestrial
area as a result of their emission in the atmosphere. Jones et al. [31] have reported that total PAH
concentrations in soils, resulting from long-range transport and atmospheric deposition, can vary
between 0.1 to 55 mg/kg. The majority of PAH contaminants, in urban soils, originate from
anthropogenic activities such as fossil fuel combustion and vehicle exhausts, while forest fires
are the main source of PAH contamination in rural areas. Some studies have reported that levels
of PAHs in remote areas, resulting from natural processes, can vary between 1 to 10 μg per
kilogram of soil [32, 33].
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On the other hand, point source pollution consists of direct soil contamination without
the need of long-range transport or dispersion; PAHs enter the soil from a specific site. Potential
point sources of pollution include urban run-off, effluent discharges from industrial sites or
landfill sites, and oil spillage via a pipeline from industrial areas. Juhasz and Naidu [30] have
reported that soils near industrial sites can contain high concentrations of PAHs, 10-100 times
higher than remote and urban soils. For example, total PAH concentrations at a creosote
production site and a petrochemical site can vary from 821 mg/kg to 18,704 mg/kg.

The Need for Soil Remediation: Common Techniques and their Challenges

As described in the previous paragraph, pyrogenic PAHs, emitted to the air, can be
transported over long distances and are mostly are deposited on soils [34]. The soil is a major
component of the ecosystem; it is central for food production and supports terrestrial life. Areas,
contaminated with toxic PAHs, are a global concern and can be considered a major barrier to
sustainable agricultural and human development. Consequently, there is a critical and urgent
need to develop and implement remediation technologies to reduce threats posed by these
contaminants. Currently-used remediation methods, either ex situ or in situ, for PAHcontaminated soils can be divided in three principal categories:
-Biological methods such as bioremediation and phytoremediation.
-Thermal treatment methods such as incineration.
-Chemical methods such as chemical oxidation.
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Phytoremediation

Phytoremediation uses various kinds of plants, including trees to treat soils contaminated
with organic contaminants. Plants act to decontaminate soil by absorbing contaminants through
their roots and transporting to the rest of the plant [35]. Aside from simple uptake of pollutants,
some plants possess active enzyme systems, such as nitroreductases, dioxygenases, that can
degrade organic pollutants [36]. In a review of cleanup studies for PAH-contaminated soils, Gan
et al. [37] pointed out that although phytoremediation may be a viable option for the remediation
of soil , the long time required (generally in the order of months to years) for this technique as
well as the low treatment efficiency, does not make this approach very attractive. In addition,
successful phytoremediation studies call for certain strategies to overcome the difficulty in
establishing and maintaining plant growth at sites with high levels of toxic PAHs [38].

Bioremediation

Bioremediation is defined as a managed process which depends on microbial activity to
completely mineralize or transform the contaminants to a less toxic form. A large number of
fungi and bacteria have been isolated and studied for their potential to degrade PAHs [39-41] and
it has been proven that these microorganisms enzymatically attack the pollutants and convert
them to harmless products. Even though bioremediation is considered as an attractive,
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environmentally-friendly and cost-effective method; like any technology, this biological method
has some disadvantages or limitations. Bioremediation generally requires longer treatment times
and factors like PAH concentration or bioavailability and capability of microbial metabolism
greatly influence the process. The main disadvantages of bioremediation can be summarized in
the following points:
1) Studies have shown that availability of PAH, in soils, often limits biodegradation [42,
43]. HMW PAHs, because of their very low solubility and higher Log Kow (see Table 1), tend to
strongly partition to soil particles. As a result they are less available for enzymatic attack and are
more recalcitrant than LMW PAHs during biodegradation. Therefore, bioremediation of PAHs
slows as the number of aromatic rings increase [44].
2) Complete mineralization for LMW PAHs into CO2 and water is common; however,
partial degradation of PAHs (often HMW compounds) may occur and lead to the formation of
byproducts (mainly ketones and quinones) that can be more toxic and/or more soluble than the
parent compound [45]. For example, Cerniglia and Gibson [46] have demonstrated that white-rot
fungi can transform benzo[a]pyrene into benzo[a]pyrene 7,8-diol-9,10-epoxide, a known
metabolite which has been shown to be carcinogenic to laboratory animals.
3) Biological degradation is highly dependent upon several environmental conditions.
The amount of nutrients present and the state of those nutrients (organic, inorganic), in soils, can
influence the necessary microbial growth for bioremediation. A lack in nutrients can either retard
or inhibit the process. The pH of the soil can also impact microbial activity. For example, the
ideal pH range for bacteria to strive is generally between 6 and 8, while fungi dominate
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degradation at pH <5.5 [47]. It has also been demonstrated that the high concentrations of toxic
PAHs, present in soils, can affect sustainable microorganism growth needed for biodegradation
[48]. Thus, the success and efficiency of this biological method may vary considerably from one
site to another.

Incineration

Incineration is a commonly-used process for destroying organic contaminants in soils
[49]. Incineration basically involves heating the soil in the presence of oxygen to burn or oxidize
organic materials, including contaminants. A high temperature, in excess of 900 oC, is needed for
incineration, but the heat normally comes from the oxidation of organically bound carbon in the
soil:
C (organic) + O2 → CO2 + heat

(Eq. 2-1)

This combustion reaction destroys organic matter in the soil and generates the heat
required for endothermic reactions, such as in the breaking of carbon-carbon bonds in PAHs.
Although, organic contaminants are effectively destroyed, this process is highly expensive
costing about $1,200 per cubic yard of soil. In addition incineration generates large volumes of
exhaust gas that must be immediately treated. Other drawbacks include the probable formation of
more toxic pollutants (dioxins or furans) and the detrimental effect on the soil structure, since
soil organic matter are heavily oxidized [50].
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Chemical Oxidation

Chemical oxidation also known as advanced oxidation process (AOPs), make use of
various combination of oxidation reagents to generate highly reactive hydroxyl radicals (•OH),
capable of mineralizing even the most recalcitrant PAHs. For AOPs, Fenton’s reagent is the most
commonly used oxidant. Much like bioremediation, if the Fenton oxidation is carried to
completion, the PAH molecules ultimately break down into carbon dioxide (CO2) and water:
PAH molecule + •OH → CO2 + H2O

(Eq. 2-2)

Otherwise, the PAH contaminants will be transformed into oxidized intermediates which are
more soluble in the soil and therefore more available to degradation by native microbes.
Chemical oxidation requires short reaction time, but similar to bioremediation processes, this
method is dependent on many factors including the nature of PAH species and the type of
sorption [51]. Other drawbacks of chemical oxidation should be mentioned:
-Due to the volume of oxidant needed, the process might not be cost-effective and less
economic than bioremediation [52].
- Significant health and safety concerns are associated with the formation of oxidized
intermediates which can prove to be more toxic and more mobile than parent PAH compounds
[53].
-Noticeable loss of chemical oxidants may occur, as they react with organic matter of
sediments or soil/bedrock materials rather than PAH contaminants [54].
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Reductive Metal Systems: An Emerging Methodology for PAH Degradation

For the past decade, chemical reduction of PAHs with metallic systems has emerged as a
reasonable alternative to current techniques. As noted in the previous paragraph, concerns exist
over the use of frequently-used methods, such as bioremediation and chemical oxidation, due to
the formation of oxidized intermediates, which may be potentially more bioavailable and could
present a higher toxicity than the parent PAH compounds [55]. On the other hand, chemical
reduction of PAHs can be achieved by catalytic hydrogenation and represents a useful method
for the transformation of PAHs into less toxic compounds [56]. Several metal catalytic-systems
have been shown to be rapid and efficient for the reduction of different PAH compounds [57-59].
However, these noble-metal catalysts often require the use of elevated temperatures or high
hydrogen pressures in order to be active, also the use of these systems for soil remediation is
questionable, since noble-metal catalysts are prone to poisoning and masking of active sites by
inorganic and organic compounds in [60]. Therefore, efforts to develop alternate reductive
systems, for effective soil remediation, to proceed under ambient conditions are highly desired.

Zero-valent Metals

Zero-valent metals (ZVM), such as iron and zinc have been used extensively in literature
to degrade and reduce a wide range of POPs like dichlorodiphenyltrichloroethane (DDT) [61],
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trichloroethene (TCE) [62], chlorinated benzenes [63] and PCBs [64]. Zero valent iron (ZVI)
specifically, has been the focus of a large body of research due to its availability, effectiveness
and environmental acceptability. Compared to noble-metal catalytic systems, ZVI is inexpensive
and has been successfully demonstrated in fixed-bed columns and in situ reactive barriers for the
remediation of chlorinated compounds in groundwater [65]. However, degradation through ZVI
is not without its limitations. ZVI reactions are typically surface-area dependent, undesirable
reaction conditions can cause an oxide layer (corrosion) to form on the surface of ZVI, which
reduce the reaction rate and further limit the reduction capabilities of the metal [66].
Nevertheless, ZVI still shows potential for ex situ remediation, where the metal surface can be
controlled to circumvent corrosion. To date, ZVI studies on the degradation of toxic organic
contaminants sorbed to soil and sediments is quite limited, furthermore ZVI or ZVM have never
been used for the remediation of PAHs. The development of an ex situ treatment, for the
degradation of PAHs in soils, is the inspiration for the dissertation studies described in this
paper.

Research Goal and Objectives

The aim of this research is to develop a combined process involving solvent washing
followed by reduction with a ZVM, as a means to remediate soils heavily contaminated with
PAHs. The central hypothesis of this research is that, in a closed system, most PAHs can be
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extracted from soils with a solvent and followed by degradation with the selected metal.
Extraction of PAHs with eco-friendly solvents and their subsequent transformation into less toxic
compounds could be an attractive process. To achieve this goal, the role of the selected ZVM and
solvents on the mechanism and kinetics of PAH degradation are examined in soil-free and
contaminated soils systems in response to the following objectives:
• Propose the use of magnesium metal (Mg) coupled with ethanol solvent as a suitable
reduction system.
• Examine the effect of Mg-ethanol systems on the reduction of PAHs in soil-free systems.
• Elucidating a general mechanistic pathway of PAH reduction.
• Explore optimum cosolvent fraction that will maximize PAH soil desorption and
degradation kinetics.
• Improve understanding of Mg-cosolvent system through an evaluation of variable
experimental parameters.
• Investigate the feasibility of applying this combination process on contaminated soils.
• Quantify the kinetics of metal-cosolvent enhanced degradation of PAH-spiked soils.
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CHAPTER THREE: MATERIALS AND METODS FOR DEGRADATION
STUDIES
This chapter presents the materials, procedures and instrumentation used to prepare,
process and collect the experimental data that is common to all subsequent chapters of this
dissertation.

Materials

Benzo[a]pyrene (B[a]P),anthracene (ANT), fluorene (FLU), benz[a]anthracene (BaA),
pyrene (PYR), benzo[k]fluoranthene (BkF), benzo[g,h,i]perylene (B[ghi]P) and fluoranthene
(FLA) were purchased from Accustandard Co. (New Haven, CT). 9-Fluorenone (9-FLUO),
9,10-anthraquinone (9,10-ANTQ), 7H-benz(de)anthracene-7-one (BEZO), 7,12benz[a]anthracenequinone (7,12-BaAQ) and 9-fluorenol (9-FLUOL) were purchased from TCI
America (Portland, OR). Dibenzo[a,l]pyrene (D[al]P) was purchased from Cambridge Isotope
Laboratories (Andover, MA). Nitrobenzene (internal standard), toluene, ethyl lactate and ethanol
solvents were obtained from Fisher-Scientific (Ottawa, ON.). Helium gas, for GC/MS analysis,
was purchased from Air Gas (Atlanta, GA). All chemicals were received in high purity (> 95%)
and ACS reagent, analytical grade.
Spherical magnesium (Mg) powder (98% pure), with a particle diameter distribution of
20-100 µm, was obtained from Hart Metals, Inc. (Tamaqua, PA).
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Methods

Ball Milling Procedure

Red Devil 5400 series paint shaker, fitted with custom plates to hold milling canisters,
provided vibratory energy (670 rpm) for ball milling of the metal. The canister and balls are
made of stainless steel. The canister has an internal diameter of 5.5 cm and a length of 17 cm
corresponding to a capacity of about 250 mL. To obtain ball-milled Mg, 85 g of untreated
powder (as received from the supplier) was introduced into the canister with 16 steel balls (1.5
cm diameter), corresponding to a ball-to-powder mass ratio of 3:1. The canister was sealed under
nitrogen atmosphere. The milling duration was varied from 30 minutes to an hour. To obtain
ball-milled magnesium-carbon (Mg/C), 76 g of Mg powder and 9 g of graphite (C) were
introduced into the canister with 16 steel balls (1.5 cm diameter), corresponding to a ball-topowder mass ratio of 3:1. The canister was sealed under nitrogen atmosphere. The milling
duration was varied from 30 minutes to an hour. Figure 3-1 shows an image of the paint shaker
apparatus including the steel canisters and cork-end plates for the milling process.
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Mg Powder Characterization

Morphology and elementary composition of the ball-milled powder was examined by a
scanning electron microscope (SEM) LEO 1455VP (20kV) equipped with an Oxford Inca
energy-dispersive X-ray spectrometer (EDS). The analysis of the sample was facilitated by
dispersing the powder onto a conductive carbon adhesive, attached to the sample stub, prior to
insertion into the microscope.

Figure 3 -1: Series 5400 Red Devil Paint Shaker with steel canisters and cork-end plates used for
the milling process.
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Experimental procedure

The reactions were carried out in 20-mL vials with PTFE lined caps. A 2-mL aliquot of
selected standard, in ethanol or 1:1 ethanol/ethyl lactate, was added to react with 0.05-1.0 g
(2.05-4.11 mmol) of ball-milled Mg or Mg/C powder. Then 20-60 µL (0.35-1.05 mmol) of
glacial acetic acid were added before capping the vial. The vial was then placed on a lab bench at
room temperature (~ 27 oC) for a selected amount of time. At designated time points, extraction
of selected PAH or OPAH and derived products was performed by adding 2 mL of toluene to the
vials and sonicating for 15 minutes. This 4-mL miscible solution was drawn into a filtered
syringe (nylon filter/0.45 µm pore size) and then transferred into a 20-mL centrifuge tube. Next,
4 mL of deionized water was added to facilitate separation of ethanol/toluene mixture. The
sample was then centrifuged for 20 minutes to allow complete separation, partition of analytes in
the toluene layer and removal of any residual Mg particles. The toluene layer was then removed
for analysis. All of the experiments were conducted in triplicates. The toluene extracts were
analyzed, by gas chromatography-mass spectrometry (GC-MS), in triplicates for the residual
concentrations of parent PAHs or OPAHs and concentrations of degradation products. By using
the PAH or OPAH standard solution as the reference control, and comparing its response factor
to that of the toluene extract, in the absence of acetic acid, it was determined that the extraction
efficiency of the experiments was above 88%. Figure 3-2 depicts the steps followed during the
experimental procedure.
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Reaction vial containing metal,
solvent and compounds of interest

Add 2 mL of toluene to extract PAHs or
OPAHs from the metal
Sonicate to enhance extraction (15-20 minutes)

Filter with 5-mL gas-tight syringe attached to a
0.45-µm nylon filter.

After separation from the metal, transfer solvents and
compounds into a test tube containing water (deionized)

Sonicate for 10 minutes, then centrifuge at 3400 rpm for
20 minutes
Collect 2-mL of toluene layer (hydrophobic

Analyze in

supernatant)

GC/MS

Figure 3-2: Flowchart of the procedure followed to extract PAHs and OPAHs from metal,
sample preparation and analyses.
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Sample Characterization Method

GC-MS analyses were performed on an Agilent 6850 series II gas chromatograph fitted
with an Agilent 5975 MS detector. A DB-5 capillary column (DB-5MS 30 m x 0.25 mm i.d.;
0.25 µm film thickness) was used with flow rate (helium) of 1.0 mL/min. The overall
instrumental parameters, employed for the experimental analyses, are detailed in Table 3-1. Four
different GC temperature programs were used over the course of the dissertation research and are
summarized in Table 3-2.

Table 3-1: Overall GC-MS parameters employed.
Injection mode

Splitless

Injection volume

1 µL

injection temperature

280 oC

Carrier gas

Helium

Detector temperature

280 oC

Ionization method

Electron Impact
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Table 3-2: GC oven-temperature programs used for each experimental study.
Oven Program used in Chapter 4 study

80oC (3 min hold)→25oC/min→320oC (5 min
hold)

Oven Program used in Chapter 5 study

80oC (3 min hold)→25oC/min→320oC (5 min
hold)

Oven Program used in Chapter 6 study

120oC (3 min hold)→25oC/min→300oC (4.8
min hold)

Oven Program used in Chapter 7 study

45oC (1 min hold)→25oC/min→180oC (2 min
hold)→ 4.5oC/min→270oC (1min hold)→
25oC/min→ 320oC (1 min hold)

Oven Program used in Chapter 8 study

120oC (3 min hold)→25oC/min→300oC (4.8
min hold)→ 4oC/min→320oC (1 min hold)
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CHAPTER FOUR: EVALUATION OF MAGNESIUM-ETHANOL SYSTEM
FOR THE DEGRADATION OF ANTHRACENE

Introduction

Common remediation techniques, aimed at degrading PAHs contaminants in soils, are
not without their limitations. Recent studies [67, 68] have pointed out some concerns over toxic
oxidized intermediates formed during the course of the frequently-used treatments such as
bioremediation and chemical oxidation. These oxidized intermediates may be more soluble and
therefore, may have a higher bioavailability and toxic effect than parent PAH compounds [69].
On the other hand, chemical reduction can be considered as a more convenient method, due to
the fact that PAHs are quickly transformed into less toxic or detoxified compounds [70, 71]. The
reduction of PAHs can be achieved by catalytic hydrogenation or by the use of dissolved alkali
metals. The hydrogenation reactions of PAHs, over supported noble-metal catalysts, are well
known and have been shown to be efficient in reducing PAHs [72-75]. The mechanism of
hydrogen addition is not well understood; but it is proposed to involve essentially concerted
addition of hydrogen from the catalyst surface to the PAH molecular region having minimum
bond delocalization energy [76]. Unfortunately, these catalytic reactions can prove to be a costly
remediation technique due to the use of elevated temperatures or high hydrogen gas pressures in
order to be active. On the other hand, alkali metal-based reductions of PAHs, in liquid ammonia,
are effective methods operating at low temperatures [77].Metal-ammonia reductions of PAHs
involve addition of electrons to generate radical anion or dianion intermediates. With ammonia
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serving as the proton source, protonation occurs to afford dihydroaromatic products [78].
However this technique has not seen much use due to undesirable attributes, particularly in largescale experiments. The main factors limiting its applications are the practicality and hazardous
handling of toxic liquid ammonia [79, 80]. Consequently, there have been considerable efforts to
design simple and economical alternatives to current reductive processes under ambient and nontoxic conditions.
Magnesium (Mg) in an alcohol solvent has been well-documented as an inexpensive and
efficient reducing agent, for a wide range of organic compounds, under ambient conditions [81].
This metal/alcohol reducing system has been demonstrated as a convenient electron
transfer/protic source for a number of organic synthesis reactions, such as the dehalogenation of
aryl or alkyl halides [82], the reduction of aromatic nitro compounds [83] and also the reduction
of conjugated double bonds tethered to aromatic ring systems [84]. The objective of this present
study is to evaluate Mg-ethanol as a possible reduction system for the degradation of anthracene
and also examine the impact of several experimental factors, such as initial concentration of
anthracene, amount of acetic acid used and magnesium dosage on the degradation efficiency of
this system. The experimental results may provide a better understanding of the potential of this
system for pilot or full-scale site remediation operations.
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Results and Discussion

Selection of Mg Metal for Reduction System

As described in chapter two, some drawbacks have been identified with the use of ZVI
systems for reductive degradation. These disadvantages are mostly due to the susceptibility of
iron to corrode spontaneously in ambient conditions, forcing investigators to resort to clumsy and
often impractical pretreatment of iron surface and storage in anaerobic conditions [85]. On the
other hand, the surface of elemental Mg does not corrode in ambient conditions. When Mg is
exposed to the atmosphere, a film of crystalline magnesium oxide (MgO) or hydroxide
(Mg(OH)2) readily forms on the surface of the powder, which protects the metal from corrosion.
This passive oxide or hydroxide film allows the base metal to be unaffected in oxic settings and
also enables the storage of the metal in atmospheric conditions without compromising its
degradation potential [86]. Corrosion studies, of the reaction of Mg metal and water, have also
demonstrated that when the quasi-stable oxide layer is breached and Mg starts corroding,
Mg(OH)2 is formed which will in turn generate a new protective film. This means that corrosion
prompts repair of the film, making the system self-regulated and prolonging the active lifetime of
the metal. Apart from its advantageous corrosion properties, zero-valent Mg has a higher
oxidation potential (2.37 V) than ZVI (0.44 V), making it a better reducing agent for reduction
reactions [87].
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Mg metal is naturally abundant, inexpensive and more environmentally-friendly than
Iron. These properties combine with the facts that Mg is a strong reducing agent and that it forms
a self-limiting oxide layer rather than being completely consumed when exposed to an oxic
environment, make it a good candidate for environmental applications.

Reduction of Anthracene

Anthracene (ANT) was chosen as a model compound of PAHs, in order to test the
efficiency of our reduction system on a priority PAH pollutant with a lower toxicity. According
to the procedures described in chapter 3, the influence of reaction time was evaluated for the
chemical reduction of 0.056 mmol of ANT (250 µg/mL concentration) with 0.1 g (4.11 mmol) of
Mg powder in ethanol. In the absence of an acid, the results indicated that no reaction occurred
and that Mg was unable to reduce ANT. Some studies have shown that for the initiation and even
enhancement of a magnesium-induced reaction, an acid should be added to the mixture [88, 89].
The addition of an acid removes the passivating and superficial oxide/hydroxide layer, in order
to create fresh and active metal surfaces needed to initiate the reaction between Mg and ANT.
For our experiments, glacial acetic acid was used due to the fact that it is a weak acid, it removes
the oxide/hydroxide layer without corroding the base metal [90, 91] and its water-free content
avoids an increased buildup of passivating magnesium hydroxide (Mg(OH)2) at the metal surface
[92, 93]. A kinetic study of this treatment system was carried out in the presence of acetic acid,
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at room temperature, in a closed vial and the time points used in this study were 0, 0.5, 3, 6, 15
and 24 hours. As seen from Fig. 4-1, the concentration of ANT declined rapidly and 75% of it
was reduced within the first 3 hours, presumably through direct electron transfer resulting from
newly created active magnesium surface. Mass spectrometry (GC–MS) analysis revealed that the
only product formed from this reaction is 9,10-dihydroanthracene (9,10-DHA).
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Figure 4-1: ANT degradation as a function of time. Reaction conditions: at room temperature, 250 µg/mL ANT in 2 mL of
ethanol mixed with 0.1 g of magnesium powder and acetic acid added (20 µL).
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Effects of Various Experimental Factors on the Degradation Efficiency of ANT Using this System

Effect of ANT Initial Concentration on the Degradation Process

In this study, the concentration of ANT was varied to see what effect this may have on
the rate of degradation and also to see if there is a threshold of how much ANT can be degraded
using this possible treatment system. The time course profiles of the conversion of ANT into
9,10-DHA using three different initial concentrations of ANT (125 µg/mL, 250 µg/mL and 500
µg/mL respectively) were studied in our experimental reaction mixtures and shown in Figure 42. The figure reveals that with the same amount of Mg (4.11 mmol or 0.1 g), acetic acid (0.7
mmol or 20 µL) and within 24 hours, 98% ANT degradation was reached for an initial
concentration of 125 µg/mL, while 94% and 91% transformation was achieved for initial
concentrations of 250 µg/mL and 500 µg/mL respectively. Based on the results presented in
Figure 4-2, it can be concluded that for a common Mg active surface, the degradation efficiency
slightly decreases with an increased concentration of the substrate. This may be attributed to the
fact that at higher concentrations, the amount ANT molecules exceed the Mg active surface
available for reaction, which results in slightly lower conversion efficiency. This is in agreement
with other studies, which have demonstrated that when dealing with chemical reduction reactions
using Mg metal [94] and other zero-valent metals such as iron [95], the reaction rate is directly
proportional to the available metal surface area.
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Figure 4-2: Effect of concentration on ANT conversion over time. Reaction conditions: at room temperature, 125, 250 and 500
µg/mL of ANT in 2 mL of ethanol respectively mixed with 0.1 g of magnesium powder and acetic acid added (20 µL).
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Effects of Mg Loading on ANT Degradation

The variation of degradation efficiency during the same reaction period and same amount
of acetic acid (20 µL) under different Mg mass loadings is presented in Figure 4-3. With the
increase of Mg loading, the degradation efficiency of ANT decreased correspondingly. The
conversion percentage of ANT reached 99% in 24 hours with 0.05 g (2.05 mmol) of Mg, and
94% of ANT was degraded within that same time period for experiments with 0.10 g (4.1 mmol)
of Mg. In contrast, a little less than 90% of removal efficiency was obtained for study with 0.25
g (10.2 mmol) of Mg. The most likely explanation for this effect has to do with acid activation
and the amount of reactive sites on the metal surface.
As argued in the previous paragraph, a significant experimental variable, influencing the
reaction rate for reduction, is the amount of Mg metal available to react with the organic
substrate. Other studies using zero-valent iron (ZVI) have also shown that the reduction reactions
occur at reactive sites on solid surfaces; while simultaneous sorption of substrates occurs at nonreactive sites, sequestering the molecules from the reduction reaction and thereby decreasing the
overall conversion rate [96, 97]. Based on the deductions from these studies and our
experimental results, it may be inferred that by adding the same amount of acetic acid and ANT
molecules to different masses of Mg metal (with same particle sizes), different reaction rates
occurred due to the fact that different amounts of active surface areas were created for each Mg
loading. With a lower Mg mass, the acetic acid (20 µL or 0.7 mmol) is able to dissolve a great
amount of unreactive oxide/hydroxide surface layer on the Mg particles, leaving a clean and
active metal surface for reaction. Whereas with a higher mass of Mg, the same volume acid may
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not efficiently remove the passivating layer, resulting in a significant amount of non-reactive
sites which causes sorption of ANT molecules and impedes the rate of reduction.
So in conclusion it can be argued that by adding acetic acid onto the metal, a higher
reactive surface area is obtained with a lower mass of Mg, rather than a higher loading, which
results in a nearly complete conversion rate.

Figure 4-3: Effect of various mass loadings of Mg on ANT conversion. Reaction conditions: at
room temperature, 250 µg/mL of ANT in 2 mL of ethanol mixed with, 0.05 g, 0.1 g and 0.25 g
of magnesium powder and acetic acid added (20 µL).
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Effect of Varying Acetic Acid Volumes on ANT Degradation

A study was attempted to determine the effect of acetic acid concentration on the rate of
ANT degradation. Volumes of 20, 40 and 60 µL of acetic acid were added to the reaction
mixture. As shown by the data in Figure 4-4, there is a slight increase in the degradation rate of
ANT with increasing acetic acid volume. For example, within 24 hours there is a 94% reduction
of ANT with 20 µL (0.7 mmol) acetic acid; while with 60 µL (1.05 mmol) of the acid, there is
99% reduction (5% increase in degradation efficiency). Based on these results, the marginal
increase in the conversion rate of ANT may be explained on the basis that with a greater volume
of acid added, a greater amount of passivating oxide/hydroxide layer is removed; resulting in an
increased reactivity of ANT with Mg metal.
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Figure 4-4: Effect of various volumes of acetic acid on ANT degradation in 24 hours. Reaction conditions: at room
temperature, 250 µg/mL of ANT in 2 mL of ethanol mixed with 0.1 g of magnesium powder and various amounts of acetic
acid added (20 µL, 40 µL and 60 µL respectively).
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Possible Reaction Mechanism and Advantages of this Treatment System

Based on the above experimental results, it is speculated that the present reductive
process proceeds through the pathway outlined in Figure 4-5. An initial single-electron transfer
(SET) from the Mg surface to the center aromatic ring of ANT should afford an anion radical.
Then, the second SET process would take place to give an ANT dianion intermediate, which in
turn, will be protonated by nearby ethanol molecules to produce 9,10-DHA. Also from the
results in the previous paragraphs, it can be said that this possible degradation process contains
multiple benefits. The main advantages of this metal reducing system (Mg/ethanol) is the fact
that it does not need gaseous or potentially harmful reagents, or the use of high temperatures and
pressure in order to be active. Another significance of this system is the fact that it can be used as
a combined process involving ethanol washing, followed by reduction with magnesium metal, as
a means to remediate soils heavily contaminated with polycyclic aromatic hydrocarbons.
Extraction of PAHs with ethanol (biodegradable and volatile solvent) and their subsequent
transformation into hydroaromatic products could be an attractive process, since studies have
shown that partially hydrogenated PAHs are less toxic and more biodegradable than their parent
compounds [70, 71, 98]. Also in other studies analyzing the adverse health effects of mixtures of
polycyclic carcinogens and their hydrogenated derivatives on C57 male mice [99, 100], it was
demonstrated that some partially reduced derivatives, of carcinogenic PAHs, acted as
“anticarcinogens” by completely inhibiting the tumorigenesis and retarding the carcinogenic
effect normally induced by the parent compounds.
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Figure 4-5: Proposed reduction mechanism for the reaction of ANT with magnesium-ethanol
system.
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Conclusions

Our experimental results suggest that the magnesium/ethanol system can be applied as a
convenient method for the partial reduction of polycyclic aromatic hydrocarbons under ambient
conditions. This present technique may be characterized as an economical and environmentally
friendly degradation method with respect to the input energy and safety of reagents used.
Therefore, this method is promising as a practical ex situ remediation technique and also can be
considered as an inexpensive alternative, to other well-known reduction methods, for the
industrial synthesis of some polycyclic hydroaromatic compounds. Under the conditions of our
multivariate experiments, the results demonstrate a clear dependence of the reaction rate on the
volume of acetic acid and mass of Mg metal present in the reaction mixture. A 99% conversion
of 0.056 mmol ANT was obtained with 2.05 mmol of Mg and 1.05 mmol of added acid. It may
be concluded that with a low Mg loading and a high volume of acetic acid is needed to amply
remove the oxide/hydroxide layer and allow access to reactive magnesium surfaces. Future
efforts will be aimed at improving this technology (optimum Mg loading and acid
concentration), evaluating the influence of high-energy ball milling on the degradation rate,
elucidating a general reaction mechanism for this process, reducing more potent carcinogenic
PAHs and developing a means to apply this magnesium/ethanol system for actual PAHcontaminated soil remediation.
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CHAPTER FIVE: EFFECT OF HIGH-ENERGY BALL MILLING ON THE
DEGRADATION EFFICIENCY OF THIS SYSTEM WITH TOXIC
BENZO[A]PYRENE

Some of the contents of this chapter are reproduced from our published work:
M.R. Elie, C.L. Geiger and C.A. Clausen, Journal of Hazardous Materials, 2012, 203– 204,
pgs.77– 85.

Introduction

Extensive carcinogenic studies have shown that some PAHs, such as benzo[a]pyrene
(B[a]P), act as potent procarcinogens once absorbed and metabolically transformed into
chemically active electrophiles that form adducts within DNA. These DNA adducts can initiate
further DNA damage, including strand breaks, chromosomal aberrations, mutations, and
malignant cell transformation, all of which are linked to the initiation step of carcinogenesis
[101, 102]. As a result, effective techniques are required for their remediation and detoxification
in the environment.
As demonstrated in the previous chapter, the magnesium-ethanol system is an efficient
reducing agent for the partial reduction of anthracene, a priority PAH pollutant, into 9,10dihydroanthracene. The reduction process by the magnesium-alcohol system can be seen as an
easy-handling alternative to transform PAHs into less toxic compounds, since the olefinic
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character of the aromatic bonds makes PAHs more susceptible to metabolic activation (e.g.,
epoxide formation) [103]. So the less number of pi (π) bonds in the molecule, the less harmful it
can be. For example, the hydrogenated derivative compound of naphthalene, tetralin (1,2,3,4tetrahydronaphthalene) shows lower toxicity and faster biodegradation rates than its parent
compound [104].
To date, the magnesium-alcohol system has been used solely for organic synthesis
reactions; but can be considered as a useful chemical remediation technique due to its low-cost,
easy-handling and environmental benignancy. This system is not intensively studied for
degradation applications, because of the fact that the alcoholysis reaction of magnesium is
sluggish. Keirstead et al. [83], examining the reduction of aromatic nitro compounds by
magnesium in methanol solution, have concluded that the rate of reduction is slow due to
passivation of the reactive magnesium by an unreactive oxide or hydroxide (MgO/Mg(OH)2)
layer, on the metal surface, which tends to block the reaction between magnesium and methanol.
Nevertheless, a recent study has shown that the kinetics of alcoholysis reactions can be greatly
improved by ball milling the magnesium metal [105].
In this present chapter, the influence of high-energy ball milling, on the passivation
behavior of magnesium in alcoholic solutions, is reported as well as an investigation on the
potential of this system to reduce selected PAH compounds under ambient and optimum
conditions.
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Results and Discussion

Rationale for Experimental Approach

Aside from the accumulation of toxic transformation products, another limitation of
bioremediation and chemical oxidation, discussed in chapter two, includes the reduced
effectiveness in remediating HMW PAHs due to their strong sorption to soil particles and low
aqueous solubility. Hence, it would seem that the incorporation of a solubilizing agent, with
these chemical and biological treatments, would be a viable option. Polar organic solvents, such
as ethanol, have been shown to be effective in removing PAHs in contaminated soils [106, 107].
When solvents or cosolvents are added to soil, they increase the hydrophobicity of the soil’s
solution phase (water or moisture in the soil) and thereby increasing the desorption of tightlybound HMW PAHs in soil [108]. These solvents may also cause the organic carbon content
within the soil to swell and thereby increasing the availability of HMW PAHs [109].
Past experiments have shown that with three or four successive ethanol washings, greater
than 90% removal efficiency was obtained for PAH-contaminated soils [110, 111]. Lundstedt et
al. [55] found that treating aged soils with ethanol prior to Fenton oxidation, actually enhanced
the depletion of strongly-adsorbed PAHs by improving their desorption from the soil matrix. Lee
et al. [112] have also demonstrated that ethanol is an effective solvent in extracting HMW PAH
compounds from coal-tar contaminated soils and improving the availability of such PAHs to
microorganisms in soil slurry biodegradation studies. The ethanol pre-treatment of soils resulted
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in a higher degradation rate, with approximately 90% of the total PAHs removed within 17 days
while it required 35 days for biodegradation of soil without ethanol pre-treatment.
To date, the extraction of PAHs with ethanol and their subsequent transformation, by
ZVM, into less toxic compounds has rarely been addressed. The introduction of ethanol as a pretreatment step in conjunction with chemical reduction could be an attractive process. Therefore
the focus of this research is to develop a combined process involving ethanol washing followed
by reduction with magnesium metal, as a means to remediate soils heavily contaminated with
PAHs.

Use of Acetic Acid as Activator

The reaction between magnesium powder and an alcohol is characterized by the
production of a magnesium alkoxide and hydrogen gas [113]. The direct synthesis of magnesium
ethoxide (Eq. 5-1), from metallic magnesium and ethanol, has been known for a considerable
time [114]:
Mg + 2CH3CH2OH → Mg(OCH2CH3)2 + H2

(Equation 5-1)

In our experiments dealing with magnesium in PAH-ethanol solutions at room
temperature, no hydrogen release is observed and no degradation of the PAH standard occurred.
The lack of reaction may be due to the presence of a passivating oxide or hydroxide
(MgO/Mg(OH)2) layer, on the metal surface, which hinders the contact between magnesium and
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ethanol. This is also in accordance with corrosion studies indicating that ethanol and higher
alcohols cannot attack the magnesium surface at ambient temperatures [115]. This result can be
explained by the inductive effect of the alkyl group, creating a stronger O-H bonding of the
alcohol group and ultimately making ethanol less acidic to attack the oxide layer in order to react
with the magnesium surface. To initiate and accelerate a reaction with magnesium, the
oxide/hydroxide layer must be removed in order to increase the active magnesium surface [88,
94]. To activate a magnesium-induced reaction, compounds may be added to the reaction
mixture. Catalysts such as mercuric chloride are often used [116] as well as mineral acids or
organic acids. For our experiments, glacial acetic acid was selected as the activator due to its
numerous benefits.
Contrary to toxic mercuric chloride and strong mineral acids, weak organic acids such as
acetic acid can effectively remove the oxide layer without much damage to the base metal; they
are safe and easy to handle [91]. Chavez et al. [90] have shown that glacial acetic acid removes
cupric oxide (CuO) and cupric hydroxide (Cu(OH)2) from the surface of a copper film. After 10
minutes of immersion, acetic acid removes the copper oxide/hydroxide layer, at room
temperature, without attacking the copper surface. Another reason for choosing glacial acetic
acid is because of its water-free content. Studies have shown that the presence of water [83] or
the addition of water (0.3 vol.%) to an alcohol solution [115, 117] can drastically impede the
alcoholysis reaction of magnesium. It is believed that acetic acid reacts with magnesium oxide
(MgO) or magnesium hydroxide (Mg(OH)2) at the surface of the metal, forming more soluble
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products (Eqs. 5-2 and 5-3), thereby causing channels in the oxide/ hydroxide layer through
which ethanol can reach the magnesium.
MgO + 2CH3COOH → Mg(CH3COO)2 + H2O

Mg(OH)2 + 2CH3COOH → Mg(CH3COO)2 + 2H2O

(Equation 5-2)

(Equation 5-3)

Degradation of Benzo[a]pyrene with Ball-milled Magnesium Metal

According to the procedures described in chapter 3, the influence of reaction time was
evaluated for the chemical reduction of 250µg/mL or 0.039 mmol of B[a]P with 0.1 g (4.11
mmol) of ball-milled magnesium powder. The time points used in this study are 0 hour, 0.5 hour,
3 hours, 6 hours, 15 hours and 24 hours. Time points between 6 and 15 hours and between 15
and 24 hours were omitted, due to the fact that extensive preliminary studies indicated that no
significant change in concentration occurred during these time intervals. The reduction of B[a]P
yielded 4,5,11,12-tetrahydrobenzo[a]pyrene (4,5,11,12-H4B[a]P) and 7,8,910tetrahydrobenzo[a]pyrene (7,8,9,10-H4B[a]P) as the main products and 4,5dihydrobenzo[a]pyrene (4,5-H2B[a]P) being a consumed intermediate. Figure 5-1 shows the
degradation of B[a]P over time. After 30 minutes of reaction, around 32% of B[a]P was
transformed and at 24 hours 89 % of the initial concentration was degraded. Table 5-1 and
Figure 5-2 summarize the product distribution analysis of the chemical reduction of B[a]P with
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magnesium/ethanol system. The quantitation of the recovery products was calculated from the
GC/MS response to the parent compound, due to the fact that standards of the hydrogenated
products are not commercially available.
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Figure 5-1: Benzo[a]pyrene degradation in 24 hours. Reaction conditions: at room temperature,
250 µg/mL of B[a]P in 2 mL of ethanol mixed with 0.1 g of ball-milled magnesium powder and
acetic acid added (20 µL)
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Figure 5-2: Distribution of products resulting from chemical reduction of B[a]P by activated
magnesium-ethanol system. Reaction conditions as in Fig.5-1.
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Table 5 -1: Product distributions (mol% + standard deviation of triplicate vials) that resulted from the reaction conditions as in
Fig. 5-1.

Products

0.5hr

3hrs

6hrs

15hrs

24hrs

Benzo[a]pyrene

67.1 ± 1.1

35.6 ± 4.2

23.5 ± 3.5

16.3 ± 4

11.02 ± 0.9

4,5,11,12-TetrahydroB[a]P

8.62 ± 0.4

23.5 ± 2.16

30.32 ± 0.84

33.14 ± 0.28

39.11 ± 5

7,8,9,10-TetrahydroB[a]P

5.37 ± 0.7

20.7 ± 0.7

24.8 ± 1.9

26.5 ± 1.23

28.9 ± 0.23

4,5-DihydroB[a]P

14.8 ± 0.4

12.4 ± 2.2

9.6 ± 0.7

9.4 ± 1.5

8.5 ± 0.32

Recovery (%)

95.9 ± 0.6

92.37 ± 4.9

88.3 ± 1.0

85.36 ± 4.17

87.69 ± 4.12

-Limit of detection (LOD) was determined to be 5.25 µg/mL (or 2.1 mol%)
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Degradation of Benzo[a]pyrene with Ball-milled Magnesium/Carbon (Mg/C)

Using the same procedures described in sections 2.2 and 2.3, the influence of reaction
time was evaluated for the chemical reduction of 250 µg/mL (0.039 mmol) B[a]P with 0.1 g
(4.11 mmol) of magnesium powder, previously ball-milled with 10 wt.% graphite (76 g of Mg/9
g of C). The time points used in this study are 0 hour, 0.5 hour, 3 hours, 6 hours, 15 hours and 24
hours. The reason for using Mg/C powder, for this experiment, was based on observations that
graphite carbon can facilitate the activation process and improve the reaction kinetics of Mg
[118, 119].
Time points between 6 and 15 hours and between 15 and 24 hours were omitted, due to
the fact that extensive preliminary studies indicated that no significant change in concentration
occurred during these time intervals. The reaction of Mg/C and B[a]P yielded more byproducts
and slightly faster kinetics than the reaction with ball-milled Mg. Compounds such as 4,5,11,12H4B[a]P and 7,8,9,10-H4B[a]P were obtained as the main products, while 4,5-H2B[a]P,
4,5,7,8,9,10,11,12-Octahydobenzo[a]pyrene (4,5,7,8,9,10,11,12-H8B[a]P), 4,5,7,8,9,10hexahydrobenzo[a]pyrene (4,5,7,8,9,10-H6B[a]P) and 7,8,9,10,11,12-hexahydrobenzo[a]pyrene
(7,8,9,10,11,12-H6B[a]P) are obtained as minor products. Figure 5-3 shows the conversion of
B[a]P over time. After 30 minutes of reaction, approximately 42% of B[a]P was transformed and
94% of the initial concentration was degraded at the 24-hour mark. Table 5-2 and Figure 5-4
summarize the product distribution analysis of the chemical reduction of B[a]P with
magnesium/ethanol system. It is thought that the slow degradation past the 6-hour mark and the
incomplete conversion of B[a]P is related to the observed precipitation/accumulation of
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Mg(OCH2CH3)2 onto the powder’s surface, preventing further access of ethanol to unreacted Mg
sites. This is in accordance with the preparation of magnesium ethoxide (white precipitate) in
ethanol solution [120]. Figure 5-5 illustrates the possible pathways proposed for the reduction of
B[a]P by this ZVM-solvent system.
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Figure 5-3: B[a]P conversion in 24 hours. Reaction conditions: Reaction conditions: at room
temperature, 250 μg/mL of B[a]P in 2 mL of ethanol mixed with 0.1 g of ball-milled
magnesium/carbon (Mg/C) powder and acetic acid added (20 µL)
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Figure 5-4: Distribution of products resulting from chemical reduction of B[a]P by activated
Mg/C-ethanol system. Reaction conditions as in Fig.3.
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Table 5-2: Product distributions (mol% + standard deviation of triplicate vials) that resulted from the reaction condition as in
Fig. 5-3.

Products

0.5hr

3hrs

6hrs

15hrs

24hrs

Benzo[a]pyrene

57.5 ± 5.5

22.0 ± 3.6

6.7 ± 0.53

5.99 ± 0.07

5.7 ± 0.76

4,5,11,12-TetrahydroB[a]P

20.05 ± 5.7

43.8 ± 1.5

51.4 ± 1.3

58.5 ± 0.78

61.2 ± 2.04

7,8,9,10-TetrahydroB[a]P

7.9 ± 3.74

19.1 ± 2.27

22.1 ± 2.97

23.2 ± 0.04

24.3 ±0.14

4,5-DihydroB[a]P

3.5 ± 0.51

3.9 ± 0.19

3.1 ± 0.05

2.2 ± 0.7

ND

4,5,7,8,9,10,11,12-

ND

ND

2.25 ± 0.89

2.6 ± 0.10

3.99 ± 0.02

4,5,7,8,9,10-HexahydroB[a]P

ND

ND

ND

1.98 ± 0.01

2.25 ± 0.09

Recovery (%)

88.9 ± 1.38

86.04 ± 1.8

93.45 ± 1.3

97.2 ± 0.58

OctahydroB[a]P

88.8 ± 1.8

-Limit of detection (LOD) was determined to be 3.56 µg/mL (or 1.42 mol%)
-ND: not detected, below limit of detection (BDL)
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4, 5-Dihydrobenzo[a]pyrene

Benzo[a]pyrene

4, 5, 7, 8, 9, 10-Hexahydrobenzo[a]pyrene

4, 5, 11, 12-Tetrahydrobenzo[a]pyrene

7, 8, 9, 10-Tetrahydrobenzo[a]pyrene

4, 5, 7, 8, 9, 10, 11, 12-Octahydrobenzo[a]pyrene

Figure 5-5: Possible reaction pathways proposed for the reduction of B[a]P with Mg/C
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Reduction of B[a]P and its Possible Detoxification

The carcinogenic activity of PAHs is expressed through their biotransformation, by
microsomal enzymes, into reactive epoxide and diol epoxide intermediates capable of covalently
binding with DNA to induce strand breaks and DNA damage, leading to mutation and ultimately
cancer [121-123]. Yuan et al. [71] has demonstrated that products of partial hydrogenation of
B[a]P were devoid of mutagenic and genotoxic activity toward any of the Salmonella and E. coli
strains used in the study. From these results, it can be implied that the less number of pi (п)
bonds in the PAH molecule, the less harmful it can be and also complete hydrogenation is not
necessary to detoxify B[a]P. With our experimental results, we have shown that B[a]P can be
reduced with the Mg/ethanol system and two tetrahydrogenated isomers, 4,5,11,12-H4B[a]P and
7,8,9,10-H4B[a]P, are the main by-products. Even though, no toxicity information is known for
these hydrogenated products, correlating our results with the aforementioned findings of Yuan et
al. [71], it may be argued that 7,8,9,10-H4B[a]P and 4,5,11,12-H4B[a]P hydrogenated product
may not show any appreciable genotoxic activity and is probably less toxic compared to its
parent B[a]P compound.
By comparing the metabolism of B[a]P to the possible metabolism of its hydrogenated
derivatives, another reasoning can be made to support the argument that the magnesium/ethanol
system is a convenient method to transform PAHs into less harmful compounds. The metabolic
activation of B[a]P, by cytochrome P450s (CYPs) mono-oxygenase enzymes, is one of the most
widely investigated study cases. In this metabolism reaction, B[a]P is oxidized at the 7, 8, 9,10
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positions to form B[a]P-7,8-dihydrodiol-9,10-epoxide (BPDE) (Figure 5-6), which is
characterized as the “ultimate carcinogenic” metabolite [124]. Due to the sterically hindered
diol-epoxide (at 7, 8, 9, 10 carbon positions), BDPE is an electrophilic intermediate that bind to
nucleophilic DNA bases, eliciting adverse biological activity [122]. According to mechanistic
studies of B[a]P metabolism done by Sims [121] and Baird [124], the 9,10 epoxide formed, on
the 7,8-diol derivative of B[a]P, is protected by vicinal hydroxyl substituents that sterically
hinder interaction with enzymes (Figure 5-6). Therefore only sterically hindered 9,10 epoxide
derivatives of B[a]P, also known as bay region epoxides, resist detoxification from epoxide
hydrolase enzymes and have the potential to bind to DNA; while all other arene epoxides
catalyzed by CYPs will be rapidly converted by epoxide hydrolase (detoxication enzymes) to
corresponding dihydrodiols, which are easily excreted from the body. From the conclusions of
these studies, it may be argued that for the possible metabolism of 7,8,9,10-H4B[a]P,
carcinogenic metabolites like BDPE cannot form due to the fact that enzymatic oxidation by
CYPs (epoxide formation) may not occur at the 7,8,9,10 carbon positions in the absence of
double bonds (Figure 5-7). Also it can be hypothesized that any electrophilic epoxides eventually
formed, from the benzene rings present in 7,8,9,10-H4B[a]P, will be rendered less reactive and
easier to excrete by detoxication enzymes. Carcinogenic studies, using laboratory animals, have
shown that 7,8,9,10-H4B[a]P is weakly active in comparison to its potent carcinogenic parent
compound B[a]P [125].
Another advantage of this experimental study is the fact that reduction of PAHs can be
done at ambient temperature and produce several hydrogenated products; while higher
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temperatures and hydrogen pressures are needed, for the costly catalytic hydrogenation method
of PAHs, to achieve near perhydrogenation [74]. Fu et al. [76] have shown that palladiumcatalyzed hydrogenation of B[a]P, at room temperature, only yields 4,5-H2B[a]P in 24 hours.

Figure 5-6: Metabolism of benzo[a]pyrene yielding the carcinogenic benzo[a]pyrene-7,8dihydrodiol-9,10-epoxide (BPDE) (adapted from reference [124]).
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Figure 5-7: With the reduction of B[a]P into 7,8,9,10-H4B[a]P, the sterically hindered diolepoxide formation is avoided at the 7,8,9,10 carbon positions (no double bonds present for
oxidation). Therefore BPDE or similar carcinogenic metabolite is not formed

Influence of Ball Milling on Mg Properties

Comparing the results between the reactions of unmilled Mg and milled Mg (Figure 59), no significant improvement is induced by the ball milling treatment. In both cases, during 24
hours, the initial B[a]P concentration decreased by approximately 80% and yielded two main
products (4,5,11,12-H4B[a]P and 7,8,9,10-H4B[a]P) and a consumed intermediate (4,5-H2B[a]P).
Zidoune et al. [126] and Grosjean et al [127] have shown that the ball milling (a low-cost
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technique) does remove the oxide layer and create new Mg surfaces; but such reactive surfaces
readily oxidize when exposed to the atmosphere. They have also reported that ball milled Mg
exhibits a thinner oxide-hydroxide film and better corrosion resistance than their unmilled
counterparts. Korshunov et al. [128] and Unwin et al. [129, 130] have demonstrated that
neighboring metal particles unite as agglomerates due to the increasing formation of an
amorphous and superficial oxide layer. This suggests that the lower the thickness of the
passivating layer, the less particle aggregation there is. SEM observations, in our study (Figures
5-8a and 5-8b), confirms this by showing that milled Mg continually exposed to air has less
agglomerated micron-sized particles than unmilled magnesium powder.
Experiments with magnesium, ball milled with a small amount of graphite (10 wt.%),
exhibits faster reaction kinetics than both ball milled and unmilled Mg (Figure 5-10). In this
reaction, 94% of B[a]P was degraded to yield six hydrogenated products (see Table 5-2 and
Figure 5-4) after 24 hours; whereas with both milled and unmilled Mg, more than 80%
transformation of B[a]P was achieved to produce three hydroaromatic products. SEM images of
Mg/C (Figure 5-8c) shows significantly less agglomerates than its milled and unmilled
counterparts, despite exposure to air. This observation is in accordance with the results of
Bouaricha et al. [119], who have hypothesized that, during the milling treatment of Mg, graphene
layers adsorb onto freshly created metal surfaces and thereby impede the reformation of a
superficial oxide layer. In all of the experiments of this study, acetic acid was used as an
activator to break the present oxide/hydroxide layer, despite its thickness, at the surface of ball
milled or unmilled Mg, in order to allow ethanol to reach the underlying magnesium surface.
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Another possibility for the enhanced reactivity, of Mg/C, could be the change in particle size.
SEM analysis, of all three metal powders, shows that the average particle diameter of Mg/C
metal powder is around 9 µm; whereas the average particle size of the unmilled and milled
counterparts are 18 and 14 µm, respectively. The smaller particle sizes for Mg/C may account for
the greater surface area and hence greater reactivity.
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Figure 5-8: SEM micrographs of a) unmilled Mg powder b) ball-milled Mg powder and c) ball-milled Mg/C powder
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Figure 5-9: Comparison studies of B[a]P degradation using ball milled Mg powder vs. unmilled
Mg powder (as received). Reaction conditions: at room temperature, 250 µg/mL of B[a]P in 2
mL of ethanol mixed with either 0.1 g of ball-milled or unmilled magnesium powder and acetic
acid added (20 µL) .
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Figure 5-10: Comparison studies of B[a]P degradation using ball milled Mg powder vs. unmilled
Mg powder (as received) and Mg ball milled with graphite (Mg/C).
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Reaction Mechanism of Mg/ethanol System with B[a]P

According to the results in this study, the Mg/ethanol system has proven to be a
convenient electron transfer/protic source for the reduction of benzo[a]pyrene. Similar to the
proposed mechanisms of other dissolving-metal reducing systems [95, 131], it is believed that
the reduction proceeds by two subsequent single electron transfers (SET) from the magnesium
metal to B[a]P. The role of magnesium as single electron donor [78,132] and PAHs as single
electron acceptors [133, 134] is an established fact. The newly formed radical-anion
intermediates, from the SET, will then be protonated by nearby ethanol molecules to produce
hydroaromatic derivatives of B[a]P. A possible reaction mechanism is illustrated in Figure 5-11,
and it should be noted that the cycle of SET and subsequent protonation continues to produce
several hydrogenated compounds or isomers until all of the active sites of the metal are used, or
until a thermodynamically-stable product is formed and resist further reduction. For example,
from the pathway outlined in Figure 5-5, it is hypothesized that B[a]P is reduced down to the
octahydrogenated compound 4,5,7,8,9,10,11,12-H8B[a]P , which is thermodynamically stable
due to the isolated benzenoid rings, and resist further reduction to produce deca- or
dodecachydrogenated derivatives.

66

Benzo[a]pyrene

SET

H
O
Ethanol

H

SET

H

H
O

Ethanol

4,5-dihydrobenzo[a]pyrene
H
H

Figure 5-11: Proposed reduction mechanism for the reaction of PAHs with magnesium-ethanol
system.
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Conclusions

In summary, we have demonstrated a convenient method for the partial reduction of
benzo[a]pyrene, based on the use of ball milled Mg metal in ethanol at room temperature. The
addition of acetic acid and graphite dramatically affects the reactivity and reaction rate. A 94%
conversion of 0.039 mmol B[a]P was obtained with 4.11 mmol of Mg and 0.35 mmol of added
acid. The present technique may be characterized by its environmentally benign nature, dually
beneficial applicability (extraction of PAHs with ethanol, followed by reduction), simple
procedure and low cost. Therefore, this method is promising as a practical ex situ remediation
technique and also can be considered as an inexpensive alternative, to other well-known
reduction methods, for the industrial synthesis of some polycyclic hydroaromatic compounds.
Current efforts are aimed at optimizing this technique and reducing other more potent
carcinogenic PAHs.
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CHAPTER SIX: MULTIVARIATE EVALUATION AND THE USE OF A
COSOLVENT FOR THE OPTIMIZATION OF THE REDUCING SYSTEM
FOR THE SIMULTANEOUS DEGRADATION OF DIFFERENT PAHs

Introduction

In the previous chapters, the use of a reductive system has been discussed for the
degradation of two model PAHs: anthracene and benzo[a]pyrene. Of the common PAHs, these
two compounds have the largest body of literature due to their distinct properties and frequent
detection in contaminated sites. Anthracene has been the focus of many remediation
investigations, due to its acute toxicity; low hydrophobicity and slightly higher solubility
compared to HMW PAHs (see Table 1-1). On the hand, benzo[a]pyrene has been extensively
studied due to its promutagenic and procarcinogenic properties. In two separate experiments, the
Mg-ethanol system developed in our studies has proven to convert these two toxic model
compounds into less harmful and more biodegradable hydroaromatic derivatives. Even though
successful results were achieved with this system for two different PAH compounds; certain
questions still remain. How will this system fare concerning the degradation of numerous PAHs
contaminants in soils? What is the optimum amount of Mg necessary to efficiently degrade these
pollutants from a contaminated sample?
Before a pilot or full-scale study on the efficiency of this method can be conducted on
contaminated soils, it is best to assess the experimental variables of the operating process, such
as reaction time and Mg loading, in order to obtain a better understanding on how to apply and
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optimize this method for field-remediation operations. Thus, in this chapter, a lab-scale and soilfree feasibility study was examined for the simultaneous degradation of three different HMW
PAHs. The objectives of this study were:
-Characterize the specific effect of experimental parameters such as reaction time, Mg metal
loading and acetic acid addition on the degradation process.
- Quantify the kinetic rates.
-Obtain the highest degradation efficiencies under optimum and cost-effective operating
conditions.
-Express degradation efficiency in relation to the amount of Mg metal used.

Results and Discussion

Use of a Cosolvent

Ethanol was chosen for the ZVM-solvent system due to several factors:
1) It is an environmentally-friendly protic solvent.
2) It has been shown effective for extracting PAHs from contaminated soils [135].
3) It is not corrosive to magnesium metal at room temperature.
4) It is a suitable hydrogen donor enabling the reduction process [116].
However, ethanol has been demonstrated to slowly desorb HMW PAHs from soils
compared to less hydrophobic PAHs [136].Therefore, a less polar and protic cosolvent is needed
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to reduce the polarity of ethanol and exponentially enhance the solubility and extraction of
HMW PAH compound. Much like ethanol, this new cosolvent should be eco-friendly and
biodegradable and water-miscible due to the presence of soil moisture. Among a list of adequate
organic cosolvents, ethyl lactate (EL) seems the most promising one. EL is a lactate ester and has
drawn much interest due to its attractive properties such as non-toxicity, environmental
benignity, 100% biodegradability, and its formation of harmless degradation products like lactic
acid and ethanol [137]. EL is characterized as “green” solvent due to the fact that it is easy to
recycle, noncorrosive, non-carcinogenic and non-ozone depleting [138] and has also been
classified, by the U.S. EPA, as a class 4A inert compound [139].This benign compound is
relatively inexpensive compared to commonly used organic solvents and its presence, in soils,
has been found to enhance the biodegradation of highly toxic halogenated contaminants [140,
141]. Moreover, Sun et al. [142] have demonstrated that an EL/water mixture has a higher
solvency power for LMW PAHs than ethanol/water mixture for soil-flushing applications. There
is no prior published literature on the use of EL in cosolvent systems with ethanol or its use in
ZVM-reducing systems. Hence, the use of EL-ethanol as a cosolvent system, for the extraction
and subsequent reduction of PAHs, is explored.
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24-hour Study for the Simultaneous Degradation of Three HMW PAHs

Three HMW PAHs were chosen for this particular study: pyrene (PYR),
benzo[k]fluoranthene (BkF) and benzo[g,h,i]perylene (B[ghi]P). A stock solution containing 275
µg/mL (0.054 mmol) of PYR, 250 µg/mL (0.039 mmol) of BkF and 200 µg/mL (0.029 mmol) of
B[ghi]P was prepared in ethanol and also in 1:1 (ethanol/ethyl lactate) solvent. BkF and B[ghi]P
could not completely dissolve in the ethanol solution, while an ethanol/ethyl lactate (1:1 ratio)
stock solution ,with the desired concentrations of the three different compounds, was easily
made. This is a clear indication that EL enhances the solubility of PAHs in ethanol.
A kinetic study of this treatment system was carried out in the presence of acetic acid, in
a closed vial, at room temperature. The influence of reaction time was evaluated for the chemical
reduction of PYR, BkF and B[ghi]P by employing 0.1 g (4.11 mmol) of Mg/C. The timedependent concentration profiles, of each PAH reactant, are illustrated in Figures 6-1a, 6-2a and
6-3a. The respective degradation efficiency, during a reaction time of 24 hours, for the three
HMW PAHs can expressed as the following equation:

Degradation efficiency (%) = [ (1- Ct ) x 100 ]
Co

(Equation 6-1)

Where Ct expresses the concentration of PAH reactant at a certain time point t and Co represents
the initial concentration of the PAH reactant. Figures 6-1b, 6-2b and 6-3b present the degradation
efficiency of the reduction system for each of the three selected PAH compounds. Within a time
frame of 24 hours, it can be seen that the percent degradation for PYR, BkF and B[ghi]P was
around 96.6 ±0.89%, 93.6 ± 1.7% and 95.1 ± 1.1%, respectively. GC–MS analysis revealed the
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formation of several hydroaromatic products resulting from the reduction of the PAH reactants
by the ZVM-cosolvent system. PYR, with a molecular weight of 202 g/mol, reacted with the
activated Mg/C system to produce several hydrogenated derivatives with a mass range between
204 and 208 g/mol. Some of the identified major daughter-products of PYR were 4,5dihydropyrene (4,5-H2PYR), 4,5,9,10-tetrahydropyrene (4,5,9,10-H4PYR), 1,3,6,7,8hexahydropyrene (1,2,3,6,7,8-H6PYR). Other tetrahydropyrene and hexahydropyrene isomers
were detected and quantified, but their chemical structures could not be directly identified.
Figure 6-4 summarizes the product distribution analysis of the chemical reduction of PYR with
the reducing system and Figure 6-5 shows a proposed reaction pathway for the reduction of PYR
by the Mg/C-cosolvent system. It should also be pointed out that the rates of PYR degradation,
by the developed Mg/C-cosolvent system, are significantly faster than that of bioremediation. An
ex situ study, using Bacillus subtilis DM-04 and Pseudomonas aeruginosa mucoid (M) and
nonmucoid (NM) bacterial strains, demonstrated that 48% of PYR was degraded after 96 hours
[143], while the same compound had 96% degradation efficiency after 24hours, using our
developed Mg-cosolvent system. The much faster degradation rates suggest that this reducing
system is a suitable candidate for the remediation of PAH-contaminated soils.
BkF, with a molecular weight of 252 g/mol, produced nine hydrogenated compounds
with a mass range between 254 and 260 g/mol. Some of the major identified product were 7,12dihydrobenzo[k]fluoranthene (7,12-H2BkF), 8,9,10,11-tetrahydrobenzo[k]fluoranthene
(8,9,10,11-H4BkF). Other tetrahydrobenzo[k]fluoranthene, hexahydrobenzo[k]fluoranthene and
octahydrobenzo[k]fluoranthene isomers were detected and quantified, but their chemical
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structures could not be directly identified. Figure 6-6 summarizes the product distribution
analysis of the chemical reduction of BkF with the reducing system and Figure 6-7 shows the
possible structures of the unidentified isomers resulting from the reaction of BkF with the Mg/Ccosolvent system.
The chemical reduction of B[ghi]P, with a molecular weight of 276 g/mol, resulted in the
formation of eight hydroaromatic compounds with a mass range between 278 and 288 g/mol.
The major daughter-compounds were identified as 3,4-dihydrobenzo[g,h,i]perylene (3,4H2B[ghi]P) and 5,6,7,8,9,10-hexahydrobenzo[g,h,i]perylene (5,6,7,8,9,10-H6B[ghi]P). Other
tetrahydrobenzo[g,h,i]perylene, hexahydrobenzo[g,h,i]perylene, octahydrobenzo[g,h,i]perylene,
decahydrobenzo[g,h,i]perylene and dodecahydrobenzo[g,h,i]perylene isomers were detected and
quantitated, but their chemical structures could not be directly identified. Figure 6-8 summarizes
the product distribution analysis of the chemical reduction of B[ghi]P with the reducing system
and Figure 6-9 shows the possible structures of the isomers produced from the reaction of
B[ghi]P with the Mg/C-cosolvent system.
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Figure 6 -1: Time-dependent concentration profile (a) and degradation efficiency (b) of pyrene
during the reaction with Mg/C.
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Figure 6-2: Time-dependent concentration profile (a) and degradation efficiency (b) of
benzo[k]fluoranthene during the reaction with Mg/C.
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Figure 6 -3: Time-dependent concentration profile (a) and degradation efficiency (b) of
benzo[g,h,i]perylene during the reaction with Mg/C.
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Figure 6-4 : Distribution of products resulting from chemical reduction of pyrene by activated
magnesium-cosolvent system.
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Figure 6-5: Possible reaction pathways proposed for the reduction of pyrene with Mg/C.
(*) denotes identification of chemical structures by MS reference library.
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Figure 6-6: Distribution of products resulting from chemical reduction of benzo[k]fluoranthene
by activated magnesium-cosolvent system.
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Figure 6-7: Identified structures of benzo[k]fluoranthene and products resulting from the reaction
with Mg/C.
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Figure 6-8: Distribution of products resulting from chemical reduction of benzo[g,h,i]perylene
by activated magnesium-cosolvent system.
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Figure 6-9: Benzo[g,h,i]perylene and possible chemical structures of products resulting from the
reaction with Mg/C.(Structures determined using MS fragmentation pattern).
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Kinetic Studies

Correlating the experimental results, obtained in chapter four, with the deductions from
past studies [94, 95]; it is believed that the reaction of PAHs with zero-valent Mg are surfacecontrolled reactions which involve the oxidation of Mg coupled with the reduction of the PAH
molecules adsorbed on the metal surface. These studies have shown that rate of degradation of
target contaminants, by ZVM, follows a pseudo-first order reaction with respect to contaminant
concentration. The reduction of PAHs should follow a second-order rate law with respect to the
PAH and metal concentrations; however, the second-order rate constant cannot be determined
directly due to the fact that the consumption of Mg metal cannot be measured during the time
course of the reaction. On the other hand, a pseudo-first-order rate constant can be obtained by
maintaining the concentration of Mg well in excess, in the reaction vial, and such that any
change in the concentration of the metal is insignificant compared to the change in concentration
of the PAH compounds. The following pseudo-first-order reaction equation can be used to
describe the reaction rates observed for this particular reduction system:

dCt = -k.t
dt

(Equation 6-2)

Where Ct is the concentration of the PAH reactant at a certain time t and k is the pseudo-firstorder rate constant. An assumption that underlies this equation is that the total surface area and
reactivity of Mg metal are constant over time. The rate constants, for each PAH reactant, can be
obtained by integrating Eq.6-2 and yielding the following equations:
Ct = Co .e-k.t

(Equation 6-3)
84

ln Ct = ln Co –k.t

(Equation 6-4)

ln Ct = - k . t
Co

(Equation 6-5)

According to Eq. 5, the reaction rate can be obtained by regression of plotting a natural
logarithm of the PAH concentration (Ct) with respect to reaction time t and where Co is the initial
concentration of the PAH reactant. The pseudo-first order plots for all three compounds are
presented in Figure 6-10 and the resulting rate constants are listed in Table 6-1. From the kinetic
results, it can be deduced that PYR is much more reactive than the other two compounds used in
this study.
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Table 6-1-Fitted pseudo-first-order rate constants of the selected PAH compounds degraded by
Mg/C.

Reactants

Initial Concentration

Rate Constant

Reaction
Time

-1

(µg/mL)

k(h )

(h)

PYR

275

0.1952

18

BkF

200

0.1045

24

B[ghi]P

250

0.1191

24
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Figure 6-10: Pseudo-first order kinetic plots for (a) pyrene, (b) benzo[k]fluoranthene and (c)
benzo[g,h,i]perylene.
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Effect of Magnesium Loading

As demonstrated in chapter 4, the effect of magnesium loading is one of the major
variables that affect the degradation efficiency of the reaction. Increasing the amount of Mg
speeds up the initial reaction, whereby the PAH compound collides with more surface-active
sites of the metal. An experimental study was conducted to examine the effect of Mg loading on
the simultaneous degradation of three different PAH structures. Figures 6-11, 6-12 and 6-13
illustrate the respective degradation efficiencies of PYR, BkF and B[ghi]P as a function of time
by three different Mg loadings ( 0.006 g , 0.025 g and 0.1 g). From the experimental results, the
degradation efficiencies of PYR by Mg loadings of 0.006, 0.025 and 0.1 g reached roughly 23,
94 and 98%, respectively during a reaction time of 24 hours (Fig. 6-11). In the same reaction
vessels, the degradation rate of BkF and B[ghi]P also increased with increasing Mg amount
(Figs. 6-12 and 6-13). The degradation of BkF respectively increased from 77.7%, 83.2% to
89.6% by augmenting the amount of Mg from 0.006 g, 0.025 g to 0.1 g. The degradation
efficiencies of B[ghi]P gradually improved with greater Mg mass, going from 57.3% to 92.2%.
Figure 6-14 shows the effect of different mass loadings on the kinetic rates of reactions for
pyrene. The pseudo-first order kinetic reaction rate constant for the reaction mixture with 0.1 g
(0.1881 h-1) was 18 times higher than the rate constant with 0.006 g of metal (0.0103 h-1).

88

100
90

Degradation Efficiency (%)

80
70
60

0.1 g

50

0.025 g
0.006 g

40
30
20
10
0
0

5

10

15

20

Reaction Time (hours)

Figure 6 -11: Effect of magnesium loading on the degradation efficiency of pyrene.
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Figure 6 -12: Effect of magnesium loading on the degradation efficiency of
benzo[k]fluoranthene.
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Figure 6-13: Effect of magnesium loading on the degradation efficiency of benzo[g,h,i]perylene.
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The experimental results, under the reactions conditions herein, suggest that increased
Mg loading result in optimal degradation efficiencies and kinetic rates. As previously stated, this
enhancement in degradation is likely because larger Mg loadings provide more surface area to
accelerate the simultaneous reaction with the selected PAH compounds. However, because the
purchase of Mg metal would add to the cost of the proposed remediation application, the Mg
loading yielding the optimum degradation efficiency may not be the most cost-effective loading.
Therefore, a further study was conducted to determine the most favorable and economical mass
range of Mg metal.
As shown in Figures 6-15 through 6-17, the degradation efficiencies of PYR, BkF and
B[ghi]P were examined using six different Mg loadings (0.006 g, 0.0125 g, 0.0250 g, 0.0500 g,
0.100 g and 0.150 g) during a reaction time of 24 hours. In accordance with the experiments,
described in the previous paragraph, the degradation rate of PYR increased with increasing mass
of Mg; however the rate started to decrease past 0.1 g. The degradation efficiency reached 98.9%
and 96% for 0.100 g and 0.150 g, respectively. Comparing the efficiencies between the two
highest mass loadings (0.100 and 0.150g), it can be noticed that there is a substantial difference
(about 3%) between the two. Also, for BkF and B[ghi]P (Figs.6-16 and 6-17), the two highest
loadings have a different effect on the degradation efficiency. For example, the degradation rate
of BkF slightly decreased and went from 89.5% with 0.100g to 84.3% ( 5% decrease) when the
mass of the metal was 0.150 g. When analyzing the effect of various Mg mass loadings on the
degradation of B[ghi]P, it was found that the efficiency also decreased when the mass of the
metal was over 0.100 g. These results correlate with the data obtained, in chapter 4, concerning
the reduction of ANT. Past studies using ZVI, have also shown that the reduction reactions occur
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at reactive sites on solid surfaces; while simultaneous adsorption of the substrates occur at nonreactive sites, sequestering the molecules from the reduction reaction [96, 97] and thereby
decreasing the overall conversion rate. Based on the deductions from these studies and our
experimental results, it may be inferred that an increased mass of Mg/C results in a significant
broadening of non-reactive sites which causes sorption of the selected PAH molecules and
gradually decreases the rate of degradation. Also, graphite (C) makes up roughly 10% (by
weight) of the metal used in the batch experiments, and since this carbon allotrope has been
demonstrated to act as an adsorbent for PAHs [144], it can also be argued that, with an increase
of metal, an addition of adsorptive graphite might be a contributing factor to the reduced
degradation rate.
Thus, it has been proven that a mass loading of 0.100 g (4.11 mmol) produced the
maximum desired degradation efficiency for each of the selected PAH compounds. To aid in
evaluating the cost-effectiveness of other mass loadings, the amount of PAH degraded for each
Mg mass was calculated according to Eq. 6:
Amount degraded = (Co - Ct) x V

(Equation 6-6)

Where Co and Ct are PAH concentrations (µg/mL) at time 0 and t, respectively, V is the volume
of the solution (mL). The degraded amounts of the three PAHs, for each mass loading, are
summarized in Table 6-2. Closely analyzing the degradation efficiencies of PYR, BkF and
B[ghi]P (Figs. 6-15 through 6-17) alongside the results of Table 6-2, it can be concluded that the
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mass range ,yielding optimal degradation efficiency, is between 0.050 g and 0.100 g (2.05-4.11
mmol).
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Figure 6 -15: Degradation efficiencies of pyrene examined using six different Mg loadings
(0.006 g, 0.0125 g, 0.0250 g, 0.0500 g, 0.100 g and 0.150 g) during a reaction time of 24 hours.
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Figure 6 -16: Degradation efficiencies of benzo[k]fluoranthene examined using six different Mg
loadings (0.006 g, 0.0125 g, 0.0250 g, 0.0500 g, 0.100 g and 0.150 g) during a reaction time of
24 hours.
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Figure 6 -17: Degradation efficiencies of benzo[g,h,i]perylene examined using six different Mg
loadings (0.006 g, 0.0125 g, 0.0250 g, 0.0500 g, 0.100 g and 0.150 g) during a reaction time of
24 hours.
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Table 6-2: Amount of PAH degraded (mg) for each magnesium mass loading at the 24-hour time
point.

Degraded

0.006 g

Compound of metal

0.0125 g

0.0250 g

0.05g

0.1g

0.150 g

of metal

of metal

of metal

of metal

of metal

PYR

0.125

0.406

0.524

0.536

0.544

0.540

BkF

0.308

0.322

0.329

0.345

0.358

0.342

B[ghi]P

0.279

0.432

0.447

0.448

0.450

0.444

Effect of Acid Addition on the Simultaneous Degradation of Three PAH Compounds

As previously described in chapters 4 and 5, the addition of acetic acid increases the
degradation rate of the reducing system when reacted with a single PAH compound. A study was
conducted to closely investigate the effect of acetic acid addition on the degradation of a mixture
of PAH compounds. Volumes of 20, 40 and 60 µL of acetic acid were added to the reaction
mixture containing 0.05 g of Mg/C metal. Another goal, of this study, was to examine if an
amount of acid can indeed enhance the degradation rate for the smallest amount of metal in the
designated optimum mass range (described in the previous paragraph).A uniform concentration
of 250 µg/mL for PYR, BkF and B[ghi]P was used in the experiments and as shown by the
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results in Figures 6-18 through 6-20, there is a slight increase in the degradation rate of the three
compounds with increasing acetic acid volume. For example, within 24 hours there is a 78%
reduction of BkF with 20 µL acetic acid; while with 40 µL of the acid, there is 86% reduction
(8% increase in degradation efficiency). Based on these results, the marginal increase in the
conversion rate of BkF may be explained on the basis that with a greater volume of acid added, a
greater amount of passivating oxide/hydroxide layer is removed; resulting in a greater amount of
active sites and an increased reactivity of the PAH compound with Mg metal.
Comparing the experimental results obtained with 40 µL and 60 µL of acetic acid added,
a slight decrease in the degradation efficiency was noticed when using the higher amount of acid.
For example, within 24 hours there is a 97.4% conversion of PYR with 40 µL acetic acid; while
with 60 µL of the acid, there is 95% conversion (2% decrease in degradation efficiency). In
accordance with the preparation of magnesium ethoxide (Mg(OCH2CH3)2), a white precipitate,
using activated Mg in an ethanol solution [126], it can be inferred that the slight decrease in the
degradation rate, for our experiments, is related to the observed precipitation/accumulation of
Mg(OCH2CH3)2 onto the Mg powder surface. It is surmised that with a greater amount of acid, a
greater amount of active sites are created which react with ethanol to create a noticeable amount
of Mg(OCH2CH3)2 deposited on the metal surface. The precipitate then becomes a passivating
layer and prevents further access of ethanol (proton donor) or the target organic compounds to
the active Mg sites, consequently decreasing the degradation rate. Thus, it can be deduced that 40
µL (0.35 mmol) is the optimal amount of acetic acid that can be added to enhance the
degradation efficiency of this system.
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Figure 6-18: Effect of acetic acid addition on the degradation efficiency of pyrene.
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Figure 6-19: Effect of acetic acid addition on the degradation efficiency of benzo[k]fluoranthene.
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Figure 6-20: Effect of acetic acid addition on the degradation efficiency of benzo[g,h,i]perylene.
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Effect of Multistage Acid Addition

An investigation of the effect of multiple acid additions, over time, was done by adding
increments of 20 µL of acid at different time points, in the reaction mixture, to assess the
possible increase in degradation efficiency. The experimental setup is described as the following:
- 0.05 g of Mg/C metal mixed with a solution containing a uniform concentration of 250 µg/mL
for PYR, BkF and B[ghi]P.
- A first 24-hour study was performed to assess the effect of a single stage reaction, where 20
µL of acid is added once (at the beginning).
- A second 24-hour study was performed to assess the effect of a two-stage reaction, where 20µL increments of acid are added twice (once at the beginning and another at the 12-hr time
point).
- A third 24-hour study was performed to assess the effect of a three-stage reaction, where 20µL increments of acid are added three times (once at the beginning, one at the 8-hr time point
and another at the 16-hr time point).
The experimental results, illustrated in Figures 6-21 through 6-23, demonstrate that with
each stage-addition of acid, the degradation efficiency slightly increases. Correlating this data
with the conclusion drawn in the previous section (effect of acid addition), it is expected that
with each stage of acid added, an enhancement of reactivity would ensue. For example, the first
stage of adding 20 µL of acetic acid can achieve 78.8% degradation efficiency for BkF, while the
total degradation efficiency of the three-stage reaction was 85.7%, which is about 8% greater
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than that of single-stage reaction (Fig. 6-22). Comparing these results with the effects of 60-µL
acid additions, it is very interesting to notice that a three-stage reaction (total of 60 µL of acid
added), for B[ghi]P, has a slightly higher efficiency than adding 60 µL of acetic acid at the
beginning of the reaction. These results suggest that a reaction with multistage-addition, of a
small amount of acid, has a minor increase in reaction efficiency than a one-time addition of a
great amount of acid. It may be argued that the small rise in reactivity for the three-stage
addition, versus a 60-µL acid addition, could be caused by the creation of active site when
needed; whereas the one-time addition of 60 µL of acid creates excess active sites that enable the
formation of Mg(OCH2CH3)2 precipitate, which ultimately becomes a passivating layer.
Even though, a three-stage reaction has proven to be slightly more efficient than adding
60 µL of acid, there is no overall substantial difference between the three-stage addition and a
two-stage addition for PYR, B[ghi]P and BkF (Figs. 6-21 through 6-23). Moreover, comparing
the results of a 40-µL acid addition with the outcomes from the two and three-stage reactions, no
significant difference in degradation efficiency is observed. From an economical standpoint, it
can be deduced that two 20-µL increments (two-stage reaction) or a 40-µL (0.35 mmol) acid
addition should be employed to obtain optimal degradation results.
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Figure 6 -21: Effect of multistage acetic acid addition on the degradation efficiency of pyrene.
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Figure 6-22: Effect of multistage acetic acid addition on the degradation efficiency of
benzo[k]fluoranthene.

106

3

90
89.5

Degradation efficiency (%)

89
88.5
88
87.5
87
86.5
86
85.5
0

1

2

Reaction Stages

Figure 6-23: Effect of multistage acetic acid addition on the degradation efficiency of
benzo[g,h,i]perylene.
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Conclusions

The multivariate studies, described in this chapter, have shown that successful and
simultaneous degradation of three different PAH compounds can be achieved with the metalcosolvent system. Greater than 89% of three PAH compounds, at various concentrations, were
reductively degraded within a 24-hour timeframe. In the batch experiments, the kinetics of
reduction for pyrene, benzo[k]fluoranthene and benzo[g,h,i]perylene were influenced by Mg
metal loading as well as acetic acid addition. The kinetics rates, in this study, can be described as
pseudo-first-order reaction with respect to PAH concentration in the presence of metal added and
the observed reaction rate constant (k) for pyrene, benzo[k]fluoranthene, and
benzo[g,h,i]perylene were 0.1605,0.0885 and 0.0988 h-1 respectively. The experimental results
also demonstrate that degradation efficiency increases with increasing Mg mass up to 0.100 g
(4.11 mmol), and a higher degradation percentage is achieved with increasing volume of acetic
acid between 40 and 60 µL (0.35-1.05 mmol). The results of this soil-free study, under the
conditions tested, suggest that this reduction system is a promising methodology for the
remediation of PAH-contaminated soils. The evaluations of experimental variables, such as
metal loading and acid addition, have shown that optimum and cost effective-operation
conditions, for the degradation of multiple PAHs, are reached with a mass range between 0.05 g
and 0.1 g (2.05-4.11 mmol) and with an acetic acid addition of 40 µL (single addition or twostage addition). Further efforts will be aimed at using this metal-cosolvent system for the
degradation of other PAH derivatives such oxygenated polycyclic aromatic hydrocarbons and
developing a means to apply this system for actual soil remediation projects.
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CHAPTER SEVEN: KINETICS OF THE REDUCTIVE DEGRADATION
OF OXYGENATED POLYCYCLIC AROMATIC HYDROCARBONS
USING THE MAGNESIUM METAL-COSOLVENT SYSTEM

Introduction

Aside from PAH-remediation reports, studies on the presence of oxygenated polycyclic
aromatic hydrocarbons (OPAHs), in environmental matrices, have been gradually increasing in
the literature. OPAHs are transformation products of PAHs containing one or more carbonylic
oxygen(s) attached to the aromatic ring structure and consist of ketones and quinones [69]. These
oxidized derivatives can be produced during incomplete combustion or pyrolysis of organic
material and emitted alongside PAHs. Subsequent research has shown that OPAHs result from
the photochemical oxidation of PAHs in the atmosphere [145] and the microbial degradation of
PAH-contaminated soils [146]. These polar compounds are ubiquitous, potentially more soluble
than parent PAH compounds and consequently may have a higher bioavailability [69]. This is a
cause of concern, due to the fact that there is growing evidence that OPAHs are direct-acting
mutagens and carcinogens [147]. OPAH quinones can act as generators of reactive oxygen
species (ROS) in biological systems leading to gene mutations. In addition, OPAHs can undergo
enzymatic and non-enzymatic redox cycling; forming DNA adducts which can ultimately induce
carcinogenesis [148]. Bioassay of solid environmental samples, containing OPAHs, have
demonstrated to be more toxic to human and bacteria cells, compared to PAH-containing
fractions [149, 150].Thus contaminated sites with OPAHs require immediate remedial action to
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protect human and ecosystem health. To the best of our knowledge, no investigations on OPAHremediation methods have been reported in the literature.
In chapter 5, it was demonstrated that the developed reducing system was able to degrade
and convert 94% of toxic benzo[a]pyrene (initial concentration of 250 µg/mL) into a mixture of
less toxic and partially-hydrogenated derivatives. The objective of this chapter study is to
kinetically investigate the potential of this system for the reduction of selected OPAH
compounds under ambient conditions. The experimental results may provide a better
understanding of the efficiency of this system for future research on the simultaneous
degradation of PAHs and OPAHs in solid environmental matrices such as soils.

Results and Discussion

Selection of OPAH Compounds and Use of Acetic Acid as Activator

Recent studies [151, 152] have shown that the concentrations of OPAHs are significant
and even higher than parent PAH concentrations. In different solid matrices, such as dust
particulates, soil and sediments, it was also determined that 9-FLUO, 9,10-ANTQ, BEZO and
7,12-BaAQ are environmentally prevalent. These findings, coupled with the fact that some
OPAHs are known to be more toxic than their parent compounds, call attention to the need for
environmental monitoring and remediation efforts. As a result, these four widespread compounds
(Figure 7-1) were selected for our reductive degradation study.
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According to the optimum operating conditions described in chapter 6, the influence of
reaction time was evaluated by employing 0.05 g of Mg/C (2.05 mmol), an acid addition of 60
µL (1.05 mmol), and an initial concentration of 250 µg/mL for each of the four selected
compounds in a protic solvent (1:1 ethanol/ethyl lactate). In the absence of an acid, the results
indicated that no reaction occurred and that Mg/C was unable to reduce the compounds. It has
been demonstrated that the reduction reactions of organic compounds with zero-valent metals
(ZVM) are surface-controlled reactions [95, 96], which involve absorption of the organic
contaminants onto the ZVM surface, followed by direct electron transfer on the metal surface.
Correlating the deductions from these works with our experimental results, it may be inferred
that the lack of reaction may be due to the presence of a passivating oxide or hydroxide
(MgO/Mg(OH)2) layer, on the metal surface, which hinders the contact between active Mg sites
and the OPAH compound.
Some studies have shown that for the initiation and even enhancement of a magnesium-induced
reaction, an acid should be added to the mixture [88, 89]. The addition of an acid removes the
superficial oxide/hydroxide layer, in order to create fresh and active metal surfaces needed to
initiate the reaction between Mg and selected compounds. For our experiments, glacial acetic
acid was used due to the fact that it is a weak acid, it removes the oxide/hydroxide layer without
corroding the base metal [91] and its water-free content avoids an increased buildup of
passivating Mg(OH)2 at the metal surface [92, 105].
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Figure 7-1: Chemical structures of the selected OPAH compounds.

112

Degradation of Selected OPAH Compounds

A kinetic study of this treatment system was carried out in the presence of acetic acid, in
a closed vial, at room temperature. The time-dependent concentration profiles, of each OPAH
reactant, are illustrated in Figure 3. The percent degradation for 9-FLUO (Figure 7-2a), 9,10ANTQ (Figure 7-2b), BEZO (Figure 7-2c), and 7,12-BaAQ (Figure7-2d), was 97.3%, 94.6%,
86.6%, and 88.5%, respectively during a reaction time of 24 hours. As seen from Figure 7-2a,
the concentration of 9-FLUO declined rapidly and nearly 98% of it (initial concentration of 250
µg/mL) was reduced within the first 12 hours, presumably through direct electron transfer
resulting from a newly activated Mg surface. Mass spectrometry (GC–MS) analysis revealed that
the only two products, formed from this reaction, are 9-FLUOL and FLU (Figure 7-3). Similar
trends were observed for 9,10-ANTQ, BEZO and 7,12-BaAQ, where reductive deoxygenation of
the ketone functional group(s) occurred and lead to the formation of the corresponding aromatic
compounds, hydroxylated intermediates and hydrogenated derivatives . For example, 7,12-BaAQ
reacted with the reducing system to form the aromatic hydrocarbon compound BaA, 7hydroxybenz[a]anthracen-12(7H)one and 7,12-dihydrobenz[a]anthracene (7,12-H2BaA). Figures
7-5, 7-7 and 7-10 show the respective chemical structures of the products, resulting from the
chemical reaction of 9,10-ANTQ, BEZO and 7,12-BaAQ with the activated Mg/C reducing
system. Tables 7-1 through 7-4 and Figures 7-4,-6,-8,-10 summarize the product distribution
analysis from the chemical reductions of 9-FLUO, 9,10-ANTQ, BEZO and 7,12-BaAQ with
Mg/C. The quantitation of the recovery products was calculated from the GC response to the
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parent compound, due to the fact that standards of the hydroxylated or hydrogenated products
are not commercially available. Selected ion monitoring (SIM) parameters and example
chromatograms, of the parent compounds and byproducts, are presented in the Appendix.
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Figure 7-2: Respective degradation of : (a) 9-FLUO, (b) 9,10-ANTQ, (c) BEZO and (d) 7,12BaAQ using activated Mg/C.
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Figure 7-3: Chemical structures of products resulting from chemical reduction of 9-fluorenone
(9-FLUO) by activated Mg/C-ethanol system.
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Figure 7-4: Distribution of products resulting from chemical reduction of 9-FLUO by activated
Mg/C-cosolvent system.
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Table 7-1: Time-dependent concentration profiles (µg/mL ± standard deviation of triplicate vials) of products resulting from
chemical reduction of 9-FLUO by activated Mg/C system.

Compound

0.5 hour

1 hour

3 hours

6 hours

12 hours

18 hours

24 hours

9-Fluorenone

166.5 ± 0.16

92.6 ± 0.67

61.73 ± 1.84

24.9 ± 2.14

7.2 ± 2.61

ND

ND

9-Fluorenol

59.07 ± 1.88

122.35 ± 2.89

158.72 ± 5.56

171.14 ± 7.47

124.65 ± 4.30

85.37 ± 4.70

53.06 ± 4.26

Fluorene

ND

ND

12.88 ± 0.58

33.14 ± 0.51

86.28 ± 3.18

144.53 ± 3.51

171.28 ± 3.19

Recovery (%)

90.05 ±1.01

85.98 ±1.18

93.33 ±2.66

91.67 ±3.37

87.27±3.3

91.96 ±4.1

89.73 ±3.7

-ND: not detected, below limit of detection
-Limit of detection (LOD) was determined to be 5.33µg/mL
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Figure 7-5: Chemical structures of products resulting from chemical reduction of 9,10anthraquinone (9,10-ANTQ) by activated Mg/C-ethanol system.
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Figure 7 -6: Distribution of products resulting from chemical reduction of 9,10-anthraquinone
(9,10-ANTQ) by activated Mg/C-ethanol system.
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Table 7-2: Time-dependent concentration profiles (µg/mL ± standard deviation of triplicate vials) of products resulting from
chemical reduction of 9,10-anthraquinone (9,10-ANTQ) by activated Mg/C-ethanol system. Compound numbers correspond to
compounds listed in Fig.7-5.

Compound #

0.5 hour

1 hour

3 hours

6 hours

12 hours

18 hours

24 hours

1

156.19±4.25

114.6±2.71

89.63±0.38

65.71±1.16

44.97±1.13

22.95±1.10

13.47±1.07

2

ND

ND

ND

13.03±0.32

24.26±0.15

15.04±0.07

10.45±0.22

3

9.29 ± 0.31

17.85±0.07

19.29±0.025

15.16±0.62

10.95±0.65

ND

ND

4

11.81 ± 1.65

24.25±1.37

36.76 ± 0.33

56.01±0.74

67.26±0.57

84.27±0.89

98.59±0.06

(Continued on next page)
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Compound

0.5 hour

1 hour

3 hours

6 hours

12 hours

18 hours

24 hours

#

5

29.81 ± 0.31

36.4 ± 0.07

28.67 ± 0.05

17.93±0.62

10.21±0.65

ND

ND

6

15.4 ± 0.52

30.47±0.20

25.99 ± 1.08

23.44 ± 0.5

19.56 ±0.54

12.09±0.37

9.85±0.24

7

ND

10.87±0.86

24.68 ± 0.42

31.78±0.40

48.31±0.66

65.9 ± 0.26

87.7 ± 0.14

89.17±1.8

93.77±1.08

94.02±4.3

91.71±3.21

86.52±2.34

79.06±1.1

83.84±4.18

Recovery
(%)

LOD was determined to be 8.45µg/mL
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7H-Benzo[de]anthracene (2)
O

7H-Benzo[de]anthracen-7-one (1)

5,6-Dihydro-4H-benzo[de]anthracene

OH

7,11b-Dihydro-1H-benzo[de]anthracen-7-ol (4)

Figure 7-7: Chemical structures of products resulting from chemical reduction of 7Hbenz[de]anthracene-7-one (BEZO) by activated Mg/C-ethanol system.
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250

7H-benz(de)anthracene-7-one

225

7H-Benzo[de]anthracene

200

5,6-dihydro-4H-benzo[de]anthracene

175

Concentration (µg/mL)

7,11b-dihydro-1H-benzo[de]anthracen-7-ol

150

125

100

75

50

25

0
0

0.5

1

3

6

12

Reaction Time (hours)

Figure 7-8: Distribution of products resulting from chemical reduction of 7Hbenz[de]anthracene-7-one (BEZO) by activated Mg/C-ethanol system.
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18

24

Table 7-3: Time-dependent concentration profiles (µg/mL ± standard deviation of triplicate vials) of products resulting from
chemical reduction of 7H-benz[de]anthracene-7-one (BEZO) by activated Mg/C-ethanol system. Compound numbers
correspond to compounds listed in Fig.7-7.

Compound

0.5 hour

1 hour

3 hours

6 hours

12 hours

18 hours

24 hours

1

204.77±2.33

185.62 ±2.88

148.94 ±3.24

111.26 ±6.97

79.02 ±2.02

54.36 ±3.41

33.41 ±2.57

2

12.06±1.65

34.25±5.59

49.3 ±5.57

55.02±5.32

68.32±3.38

51.49±3.43

43.63 ±0.67

3

ND

ND

12.4 ± 0.26

39.69 ± 2.54

51.65±1.46

81.66±8.91

91.03 ±8.04

#

(Continued on next page)
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Compound

0.5 hour

1 hour

3 hours

6 hours

12 hours

18 hours

24 hours

4

ND

9.14 ± 0.27

14.39 ± 0.35

15.64 ± 0.31

23.77 ±0.15

30.35 ± 1.3

45.14 ±1.65

Recovery
(%)

86.73 ±1.02

91.6 ±1.76

90.01 ±3.03

88.64 ±2.18

89.10 ±3.9

87.14 ±1.89

85.28 ±3.7

#

-LOD was determined to be 5.46µg/mL
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O

O

Benz[a]anthracene (3)

7,12-Benz[a]anthracenequinone (1)

7,12-Dihydrobenz[a]anthracene (2)

O

Benz[a]anthracen-12(7H)-one (4)

Figure 7-9: Chemical structures of products resulting from chemical reduction of 7,12benz[a]anthracenequinone (7,12-BaAQ) by activated Mg/C-ethanol system.
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250

Benz[a]Anthracenequinone

225

7,12-dihydroBenz[a]anthracene
200

Benz[a]anthracene
benz[a]anthracen-12(7H)-one
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Figure 7-10- Distribution of products resulting from chemical reduction of 7,12benz[a]anthraquinone (7,12-BaAQ) by activated Mg/C-ethanol system.
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24

Table 7-4:Time-dependent concentration profiles (µg/mL ± standard deviation of triplicate vials) of products resulting from
chemical of 7,12-benz[a]anthraquinone (7,12-BaAQ) by activated Mg/C-cosolvent system. Compound numbers correspond to
compounds listed in Fig.7-9.

Compound

0.5 hour

1 hour

3 hours

6 hours

12 hours

18 hours

24 hours

1

182.58 ±5.47

150.31±6.73

128.84±1.39

99.69 +1.53

69.09 ± 2.14

50.98±1.67

28.53±2.61

2

22.76 ± 0.73

36.74 ±0.16

49.62 ±1.14

68.8 ±1.68

75.55 ± 4.7

85.04±6.07

100.43±1.64

#

(Continued on next page)
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Compound

0.5 hour

1 hour

3 hours

6 hours

12 hours

18 hours

24 hours

ND

12.37 + 1.98

37.48 + 1.71

53.68 + 0.75

68.3 + 2.11

76.36 ± 0.70

85.34 +1.63

4

25.22 ± 0.51

19.51 ± 0.82

12.14 ± 1.16

9.3 ± 1.84

6.17 ± 1.18

ND

ND

Recovery
(%)

92.24± 2.1

87.57± 2.7

91.23± 0.47

92.05± 0.6

87.65± 1.38

84.5 ± 2.32

85.72 ± 0.87

#

3

-LOD was determined to be 4.85µg/mL

130

Degradation Kinetics

Past studies [153, 154] have shown that rate of degradation of target contaminants, by
ZVM, follows a pseudo-first order reaction with respect to contaminant concentration. A pseudofirst-order equation is generally expressed as follows:
−dCt
dt

= k.Ct

(Equation 7-1)

Where Ct expresses the concentration of a respective OPAH reactant at a specific reaction time t
and k is the observed pseudo first-order rate constant. The rate constants can be obtained by
plotting the regression line of a natural log of the concentration of a specific OPAH compound
with respect to reaction time, according to the following equation:
ln Ct
Co

= -k.t

(Equation 7-2)

Where Co is the initial concentration of the OPAH reactant. The half-life is calculated using the
following equation, which was derived from Eq. 2 by replacing Co by Ci/2 :
t1/2 = ln 2
k

= 0.693
k

(Equation 7-33)

For the reactions in this study, a linear relation between - ln Ct/Co and reaction time
reveal that the degradation reaction of 9,10-ANTQ , BEZO and 7,12-BaAQ closely followed a
pseudo-first-order reaction during the course of the reaction time (Figure 7-11). However, there
was a noticeable reduction in the rate of degradation past the 12-hour mark. It is believed that the
slow degradation rate past the 12-hour time point and the incomplete conversion of the selected
OPAH compounds is related to the observed precipitation /accumulation of magnesium ethoxide
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(Mg(OCH2CH3)2) onto the Mg powder surface, becoming a passivating layer and preventing
further access of ethanol (proton donor) or the target organic compounds to the active Mg sites.
This is in accordance with the preparation of Mg(OCH2CH3)2 (white precipitate) using activated
Mg in an ethanol solution [120]. The resulting rate constant values of pseudo first-order kinetics
and half-lives are presented in Table 7-5.
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Table 7-5: Fitted pseudo-first-order rate constants and half-lives of the four OPAHs degraded by Mg/C.

Reactants

Initial
Concentration

Rate Constant

Half-life

Coefficient of
determination

Reaction
Time

(µg/mL)

k ( h-1)

t1/2 (h)

R2

(h)

9-FLUO

250

0.2568

2.69

0.9729

12

9,10-ANTQ

250

0.0963

7.19

0.9829

24

BEZO

250

0.0769

9.01

0.9778

24

7,12-BaANTQ

250

0.0779

8.89

0.9561

24

R2 is the statistical measure of the linearity of the curve fit
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Figure 7-11: Pseudo-first-order plots for (a) 9-FLUO, (b) 9,10-ANTQ, (c) BEZO, and (d)7,12BaAQ .
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Possible Reaction Pathways and Advantages of this Treatment System

The chemical nature of the identified products, in Figures 7-3, suggest that the
mechanism of the degradation process is mainly reductive, converting the carbonyl substituent(s)
into a hydroxyl group(s) which is in turn deoxygenated to form either the aromatic hydrocarbon
or the hydrogenated derivative(s). Possible reaction pathways are illustrated in Figure 8.
Kim et al. [155] have demonstrated that with the use of protic solvents such as ethanol,
Mg metal is able to reduce, by single electron transfers, ketones into corresponding alcohols.
Correlating our results with the aforementioned work, it is proposed that a possible pathway for
the reduction of ketone or quinone-substituted PAHs proceeds by a single electron transfer (SET)
from Mg to the LUMO of the substrate to give a radical anion. This radical anion is subsequently
protonated by a nearby ethanol molecule to give a carbon-centered radical (Fig. 7-12, pathway
A). Then a second SET is involved to from a carbanion, which will ensuingly abstract a proton
from ethanol and lead to the formation of a hydroxyl PAH compound (OH-PAH). Even though
OH-PAHs are formed during the degradation process, existing literature suggest that these
products may not pose a risk because of their strong sorption in solid matrices, resulting in
decreased bioavailability and toxicity [156, 157]. In addition hydroxylated-PAHs are less stable
than their parent PAHs and can be easily degraded, leading to their lower abundance in the
atmosphere [158].
From the product distribution stemming from the reactions of 9-FLUO or BEZO, it can
be deduced that deoxygenation (loss of carbonylic oxygen) occurs. Mg has also been reported to
deoxygenate certain organic compounds, in the presence of a proton donor, at room temperature
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[159]. Similar to the mechanism proposed by Hall et al. [160], a second pathway (Fig. 7-13,
pathway B) involves a SET from the Mg metal to the OH-PAH substrate and gives rise to a
radical anion, which subsequently results in the loss of the hydroxyl group . A carbanion is
produced, via a second SET, and followed by abstraction of a proton from a nearby ethanol
molecule (proton source) to produce a hydroaromatic derivative. The product distribution, of
9,10-ANTQ or7,12-BaAQ, reveals that deoxygenation occurs for quinone-substituted
compounds and leads to the formation of aromatic compounds. A third possible reaction
mechanism (pathway C) is proposed in Figure 7-14, where the reduction of quinone into diol
occurs, followed by deoxygenation and production of an aromatic parent compound. The newly
formed aromatic compounds and partially-hydrogenated compounds, from the second and third
pathway, have been demonstrated to be less toxic and less mutagenic than the parent OPAH
reactants [147, 69], thus proving that this reductive degradation method can conveniently convert
OPAHs into less harmful compounds.
From the experimental results, it can be said that this possible degradation process
contains multiple benefits. The main advantage of this metal reducing system is the fact that it
does not need gaseous or potentially harmful reagents or the use of high temperatures and
pressure in order to be active. Another significance of this system is the fact that it can be used as
a combined process involving solvent washing, followed by reduction with magnesium metal, as
a means to remediate soils heavily contaminated with PAHs and OPAHs. Extraction of OPAHs
by biodegradable solvents (ethanol and ethyl lactate) and their subsequent transformation into
less toxic products could be an attractive process.
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Figure 7 -12: Proposed reaction mechanism for the reduction of ketone substituent
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Figure 7 -13: Proposed reaction mechanism for the deoxygenation of OPAH and formation of partially hydrogenated
counterpart (pathway B).
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Figure 7-14: Proposed reaction mechanism for the conversion of quinone-substituted OPAH into a fully aromatic compound
(pathway C).
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Conclusions

As a result of this work, a method has been demonstrated wherein the toxicity of OPAHs
can be decreased when OPAHs are reduced to aromatic and partially-hydrogenated counterparts.
An 86 to 97% conversion of the selected OPAHs, varying between 0.038 and 0.05 mmol, was
obtained with 4.11 mmol of Mg and 1.05 mmol of added acid. This present technique may be
characterized as an environmentally friendly degradation method with respect to the input energy
and safety of reagents used. Therefore, this method is promising as a practical ex situ
remediation technique and also can be considered as an inexpensive alternative to other wellknown reduction methods. Future efforts will be aimed at developing a means to apply this
system for actual soil remediation projects for the simultaneous degradation of OPAHs and
PAHs.
.
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CHAPTER EIGHT: FEASIBILITY STUDY ON THE APPLICATION OF
THE MAGNESIUM-COSOLVENT SYSTEM FOR THE DEGRADATION
OF PAHs AND OPAHs IN SPIKED SOIL

Introduction

In the previous chapters, the development of an activated Mg/C-cosolvent system was
reported, followed by studies of its performance and optimization for the degradation of a single
or multiple PAH compounds. Having thus explored the materials, mechanistic and parametric
aspects of this reducing system, the overall aim of this chapter study is to evaluate the potential
of a combined treatment in two stages: desorption of PAHs and OPAHs from spiked samples by
the cosolvent, followed by reductive degradation of the extracted solution with the activated
Mg/C metal. The feasibility of applying this system is investigated through the following
objectives:
-Determining the extraction efficiency of the cosolvent (ethanol: ethyl lactate) for a soil spiked
with a PAH mixture.
-Examining the influence of ethyl lactate on the desorption capacity of the cosolvent.
-Following extraction, evaluating the potential degradation of the extracted PAH components.
-Quantifying the degradation kinetics.
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Methods

Soil Spiking Method

Topsoil (sandy loam), used in this study, was manufactured by Earthgro (Marysville,
OH) and the physicochemical properties are listed in Table 8-1. Preliminary solvent extraction of
the soil with ethanol solvent and ethanol/ethyl lactate cosolvent show that the purchased soil is
uncontaminated and has never been exposed to PAH compounds. The soil was passed through a
2.35-mm sieve. Then, 100.23 g of the previously-sieved soil was added to a 400-mL beaker,
followed by spiking with a 40-mL stock solution containing six different PAH and OPAH
compounds prepared in ethanol-ethyl lactate cosolvent. Details of the components of the spiking
solution are shown in Table 8-2 and Figure 8-1. The mixing was conducted with a thin glass
stirring rod for 5 minutes. The solvent in the spiked soil sample was allowed to evaporate for 4
days. The protocol resulted in final PAH and OPAH theoretical concentrations between 90 to
100 mg/kg. The final theoretical concentrations, of the spiking contaminants, are detailed in
Table 8.2. The newly contaminated soil was used for all experimental/desorption studies.
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Table 8 -1- Soil Properties

Sand (%)

83a

Silt (%)

12a

Clay (%)

5a

Moisture(%)

14.5b

Organic matter (%)

3.25a
8.3c

pH

a

Information provided by soil supplier (Earthgro ©)

b

Soil moisture content determined, in the laboratory, after oven drying for 24 hours (at 77oC)

c

pH was determined, in the laboratory, after wetting soil.
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Benzo[a]pyrene
Dibenzo[a,l]pyrene

Fluoranthene
O

O

9-Fluorenone
Benz[de]anthracen-7-one

O

7,12-Benzanthracenequinone
O

Figure 8-1: Chemical structures of the PAH and OPAH compounds in the spiking solution used
in soil extraction studies
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Table 8-2: Concentrations of the spiking contaminants (before and after soil spiking)

Compounds

a

Concentration in spiking

Theoretical concentration in

solution

soil after spiking a

(µg/mL)

(µg/g)

9-Fluorenone

245

97.8

Fluoranthene

227.5

90.8

7,12-Benz[a]anthraquinone

252.5

100.8

Benz[de]anthracen-7-one

250

99.8

Benzo[a]pyrene

250

99.8

Dibenzo[a,l]pyrene

250

99.8

Assuming homogeneous and uniform distribution of spiking contaminants in soil

Two-Stage Solvent Extraction of Soil Samples

The spiked soil was extracted in triplicates with the ethanol-ethyl lactate cosolvent using
soil: solvent extraction ratio ranging from 2:1 to 1:2 (g: mL). Weighted amounts of contaminated
soil (either 1 or 5 grams) was placed inside a 20-mL glass vial, the cosolvent was then added at
different soil: cosolvent ratios. The vials were then capped and placed on a shaker table at
120rpm at 27 oC. The soil was extracted in two separate stages for different time periods. In the
first stage, the contaminated soil was extracted for 24 hours on the shaker table. In the second
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stage, the once-extracted soil from the first stage was extracted with a clean cosolvent a second
time for 4 hours on the shaker table. The samples were then centrifuged at 3400 rpm for 20
minutes. The supernatant, pure cosolvent, was collected for the degradation study.

Degradation Procedure

Preliminary degradation studies were conducted with the extraction solution of the first
phase. The collected spent cosolvent, from the first phase of extraction, was added to a reaction
vial containing 0.05 g of Mg/C and allowed to react for a specific time point. Some collected
spent co-solvent solutions, without metal addition, were used as controls. Subsequent extraction
and analysis from the reaction vial are the same procedures detailed in chapter 3.

Results and Discussion

Extraction efficiency with cosolvent

In order to reduce solvent expenditures and determine the optimum cosolvent amount for
the extraction process, three different cosolvent extraction ratios were tested. 2 mL: 1 g (2:1), 2.5
mL: 5g (1:2) and 4mL: 5 g (2: 2.5) of cosolvent: soil ratios were used. After 24 hours on the
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shaker table, the extraction cosolvent was collected, and then a second extraction was conducted
with the same amount of cosolvent initially used for 1g and 5 g of previously-extracted soil
samples. The second extraction stage lasted for 4 hours. Figures 8-2 through 8-4 show the
efficiency for the multistage extractions for the different extraction ratios. Close analysis, of the
extraction results; reveal that optimal extraction efficiency was reached with an extraction ratio
of 2:1 of cosolvent to soil. For the first extraction stage, using the 2:1 cosolvent to soil ratio (Fig.
8-4), the extraction efficiency was 62.9%, 75.1%, 56.7%, 52.7%, 50% and 45% for 9-fluorenone
(9-FLUO), fluoranthene (FLA), benz[de]anthracene-7-one (BEZO), 7,12-benz[a]anthraquinone
(7,12-BaANTQ) , benzo[a]pyrene (B[a]P) and dibenzo[a,l]pyrene (D[al]P) ,respectively. For the
second extraction stage, the extraction percentage for 9-FLUO, FLA, BEZO, 7,12-BaANTQ ,
B[a]P and D[al]P was 17.6%, 10.5%, 17.5%, 16.8% , 19.1% and 13.4%, respectively. Both
extraction stages account for an extraction efficiency of 80.5% for 9-FLUO, 85.6% for FLA,
74.2% for BEZO, 69.5% for 7,12-BaANTQ, 69.4% for B[a]P and 58.4% for D[al]P .
The data from Figure 8-4 show that the additional removal of PAHs during the second
stage was substantial. These results indicate that, for a shorter extraction time, an additional
batch of cosolvent was effective in removing hydrophobic PAHs which were tightly-sorbed onto
the soil particles during the first extraction stage.
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Figure 8 -2: Extraction efficiency of selected compounds using a 2:2.5 cosolvent to soil ratio (4
mL: 5 g of soil).
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Figure 8 -3: Extraction efficiency of selected compounds using a 1:2 cosolvent to soil ratio (2.5
mL: 5 g of soil).
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Figure 8 -4: Extraction efficiency of selected compounds using a 2:1 cosolvent to soil ratio (2
mL: 1 g of soil).
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Influence of Ethyl Lactate on the Desorption Capacity of the Cosolvent

As detailed in chapter 6, ethyl lactate (EL), due to its attractive physicochemical
properties, was selected as cosolvent to enhance the dissolution of hydrophobic PAHs. Aside
from physical observations that stock solutions prepared with ethanol-EL cosolvent dissolve
PAH crystals more rapidly than ethanol (EtOH) solvent, no examinations on the influence or
solubility changes caused by EL were demonstrated. In this present section, the influence of EL
on desorption capacity of the cosolvent system is reported.
Comparing the chemical structures of EL and EtOH (Fig. 8-5), it can be argued that
during a solvent washing hydrophobic PAH solutes will associated with the hydrocarbon chains
of EL and EtOH through van der Waal interactions. EL has a methyl and an ethyl group on both
ends that are able to interact with PAHs solutes, whereas EtOH has only one ethyl group. The
higher number of hydrocarbon groups presumably increases the solubility of PAHs in EL than
EtOH. The higher solvency power of EL can also be correlated with its higher octanol-water
partition coefficient (Kow). EL has a log Kow value of 0.235 [161], while EtOH has a value of
0.06 [162], this indicates that EL would dissolve more PAHs than EtOH. Even though EL seems
to a better solvent, than EtOH, through its chemical structure and physical property; pure EL
solvent cannot be used for the extraction of PAHs in soil. Due to its high viscosity, pure EL
solvent would slowly adsorb onto the soil and minimize the mobilization of PAH contaminants
compare to pure EtOH. Hence, an EL-EtOH colsolvent (1:1 ratio) was selected for the extraction
studies.
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Figure 8-5: Chemical structures of ethyl lactate (EL) and ethanol (EtOH).

To experimentally determine the influence of EL on the desorption of PAHs and
OPAHs in the spiked soil, a study was conducted with six separate vials containing 0.5 g of
spiked soil and 1 mL of cosolvent solutions comprised of various concentrations of EL. The
results, illustrated in Figure 8-6, indicate that higher EL concentrations produced higher
extraction efficiency for the six PAHs and OPAHs used in the study. As EL content increased
from 0 to 50% (1:1 ratio with EtOH), the extraction efficiency for 9-FLUO, FLA, BEZO, 7,12BaANTQ , B[a]P and D[al]P increased by 17.9%, 28.9%, 13.83%, 15.53%, 15.1%, 16.53%,
respectively. This increase in extraction efficiency from 0% to 50% EL content can be explained
by the cosolvency effect [163]. With the addition of EL, in the solvent mixture, there is a
decrease in the polarity of EtOH which in turn enhances the solubility of hydrophobic PAHs and
OPAHs in the cosolvent.

153

75

(a)

% extracted

70
65
60
55
50
45
0

0.1

0.2

0.3

0.4

0.5

0.6

EL fraction in cosolvent mixture
85
80

% extracted

75
70
65

(b)

60
55
50
45
0

0.1

0.2

0.3

0.4

EL fraction in cosolvent mixture

154

0.5

0.6

68

(c)

63

% extracted

58

53

48

43
0

0.1

0.2

0.3

0.4

0.5

0.6

EL fraction in cosolvent mixture
75

(d)

% extracted

70

65

60

55

50
0

0.1

0.2

0.3

0.4

EL fraction in cosolvent mixture

155

0.5

0.6

70

(e)

% extracted

65

60

55

50

45
0

0.1

0.2

0.3

0.4

0.5

0.6

EL fraction in cosolvent mixture
77

(f)

% extracted

72
67
62
57
52
47
0

0.1

0.2

0.3

0.4

0.5

0.6

EL fraction in cosolvent mixture
Figure 8-6: Extraction efficiencies for (a) 9-FLUO, (b) FLA, (c) BEZO, (d) 7,12-BaANTQ , (e)
B[a]P and (f) D[al]P using different fractions of ethyl lactate in the cosolvent mixture.
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Degradation of the Extracted Components by Activated Mg/C System

The degradation of the extracted PAHs and OPAHs compounds, by the metal system,
was evaluated using the procedure described in the beginning of the chapter. A control study on
the extraction efficiency for 1 g of spiked soil, with 2 mL of cosolvent and no metal added,
revealed that the amount of 9-FLUO, FLA, BEZO, 7,12-BaANTQ , B[a]P and D[al]P extracted
was 61.5, 68.1, 56.6, 53.1, 44.9 and 50.6 µg/mL, respectively. The concentrations of the
extracted contaminants, from the aforementioned study, were considered as their initial
concentrations for the degradation study.
Batch experiments were set up to evaluate the degradation potential of the developed
reducing system. Following the extraction of 1 g of spiked soil with 2 mL of cosolvent (2:1
cosolvent to soil ratio), roughly 2 mL of the solvent was collected and added to a reaction vial
containing Mg metal. A kinetic study of this treatment system was carried out in the presence of
acetic acid, in a closed vial, at room temperature. The influence of reaction time was evaluated
for the chemical reduction of 9-FLUO, FLA, BEZO, 7,12-BaANTQ , B[a]P and D[al]P by
employing 0.05 g of Mg/C. The time-dependent concentration profiles, of each PAH and OPAH
reactant, are illustrated in Figures 8-6a through 8-11a. The respective degradation efficiency,
during a reaction time of 24 hours, for the six HMW PAHs and OPAHs can expressed as the
following equation:
Degradation efficiency (%) = [ (1- Ct ) x 100 ]
Co
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(Equation 8.1)

Where Ct expresses the concentration of PAH or OPAH reactant at a certain time point t and Co
represents the initial concentration of the PAH or OPAH reactant. Figures 8-6b through 8-11b
present the degradation efficiency of the reduction system for each of the six selected PAH and
OPAH compounds. Within a time frame of 24 hours, it can be seen that the percent degradation
for 9-FLUO, FLA, BEZO, 7,12-BaANTQ , B[a]P and D[al]P was around 87.9%, 87.1%, 83%,
79%,76.3% and 66.4%, respectively. GC–MS analysis revealed the formation of several
hydroaromatic products resulting from the reduction of the PAH and OPAH reactants by the
ZVM-cosolvent system. 9-FLUO, with a molecular weight of 180 g/mol, reacted with the
activated Mg/C system to produce 9-fluorenol and the parent compound fluorene. Table 8-3
summarizes the product distribution analysis of the chemical reduction of 9-FLUO with the
reducing system.
FLA, with a molecular weight of 202 g/mol, produced three hydrogenated compounds
with a mass range between 204 and 206 g/mol. The major identified product was 1,2,3,10btetrahydrofluoranthene (1,2,3,10b –H4FLA). Two dihydrofluoranthene isomers were detected
and quantified, their chemical structures were identified as 3,10b-dihydrofluoranthene (3,10b H2FLA) and 2,3-dihydrofluoranthene (2,3-H2FLA). Table 8-4 summarizes the product
distribution analysis of the chemical reduction of FLA with the reducing system. The chemical
reduction of BEZO, with a molecular weight of 230 g/mol, resulted in the formation of
hydroaromatic and hydroxylated compounds with a mass range between 216 and 232 g/mol.The
major daughter-compounds were identified as 7H-benzo[de]anthracene and 5,6-dihydro-4Hbenzo[de]anthracene. A tetrahydrobenzo[de]anthracene isomer and a hydroxylated BEZO
derivative were detected and quantitated, but their chemical structures could not be directly
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identified. Table 8-5 summarizes the product distribution analysis of the chemical reduction of
BEZO with the reducing system.
7,12-BaANTQ, with a molecular weight of 258 g/mol, produced two by-products with a
mass range between 228 and 230 g/mol. The two products were positively identified as
benz[a]anthracene (BaA) and 7,12-dihydrobenz[a]anthracene (7,12 -H2BaA) and were
quantified. Table 8-6 summarizes the product distribution analysis of the chemical reduction of
7,12-BaANTQ with the reducing system.
B[a]P, with a molecular weight of 252 g/mol, reacted with the activated Mg/C system to
produce four hydrogenated products. Compounds such as 4,5,11,12-tetrahydrobenzo[a]pyrene
(4,5,11,12-H4B[a]P) and 7,8,9,10-tetrahydrobenzo[a]pyrene (7,8,9,10-H4B[a]P) were obtained
as the main products, while 4,5-dihydrobenzo[a]pyrene (4,5-H2B[a]P) and 4,5,7,8,9,10hexahydrobenzo[a]pyrene (4,5,7,8,9,10-H6B[a]P) are obtained as minor products. Table 8-7
summarizes the product distribution analysis of the chemical reduction of B[a]P with the
reducing system. The chemical reduction of D[al]P, with a molecular weight of 302 g/mol,
resulted in the formation of three by-products compounds with a mass range between 306 and
308 g/mol. The major daughter-compounds are presumed to be tetrahydroD[al]P isomers and a
hexahydroD[al]P derivative. These products were detected and quantitated, but their chemical
structures could not be directly identified. Table 8-8 summarizes the product distribution analysis
of the chemical reduction of BEZO with the reducing system.
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Figure 8-7: Time-dependent concentration profile (a) and degradation efficiency (b) of
fluorenone during the reaction with Mg/C.
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Figure 8-8: Time-dependent concentration profile (a) and degradation efficiency (b) of
fluoranthene during the reaction with Mg/C.
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Figure 8-9: Time-dependent concentration profile (a) and degradation efficiency (b) of BEZO
during the reaction with Mg/C.
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Figure 8-10: Time-dependent concentration profile (a) and degradation efficiency (b) of BaAQ
during the reaction with Mg/C.
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Figure 8-11: Time-dependent concentration profile (a) and degradation efficiency (b) of
benzo[a]pyrene during the reaction with Mg/C.
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Figure 8-12: Time-dependent concentration profile (a) and degradation efficiency (b) of
dibenzo[a,l]pyrene during the reaction with Mg/C.
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Table 8-3: Product distribution analysis of the chemical reduction of 9-FLUO with the reducing system.

Compound

0 hour a

0.5 hour

6 hours

12 hours

18 hours

24 hours

9-FLUO

61.56

41.7 ±2.93

19.1 ±2.13

7.4 ±1.02

ND

ND

9-FLUOL

9.79 ±0.71

23.07 ±1.47

30.65 ±0.1

35.49 ± 2.4

30.99 ± 0.91

FLU

ND

6.37 ± 0.07

13.53 ± 1.1

18.61± 0.35

20.25 ± 1.33

83.76

78.86

83.78

87.88

83.23

Mass balance
(%)
a

Initial concentration based on analysis of control sample.
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Table 8-4: Product distribution analysis of the chemical reduction of FLA with the reducing system.

Compound

FLA

0 hour a

68

0.5 hour

6 hours

12 hours

18 hours

24 hours

41.01 ±3.04

25.25 ±4.06

14.58 ±2.88

12.21 ±2.9

8.78 ±1.0

9.36 ±1.8

21.8 ±2.73

23.19 ±0.95

24.73 ±2.13

26.4 ±1.06

ND

ND

8.71 ±0.27

11.75 ±1.44

10.9 ±2.21

7.85 ±0.4

18.42 ±1.91

19.87 ±1.67

20.89 ±2.53

22.4 ±2.7

85.61

96.27

84.78

85.04

84.68

DihydroFLA
Isomer 1
DihydroFLA
Isomer 2

TetrahydroFLA

Mass
Balance (%)

a

Initial concentration based on analysis of control sample

167

Table 8-5: Product distribution analysis of the chemical reduction of BEZO with the reducing system.

Compound

0
houra

0.5 hour

6 hours

12 hours

18 hours

24 hours

Hydroxy-BEZO

ND

6.67 ±0.07

9.7 ±1.2

10.41 ±0.87

11.01 ±2.01

Tetrahydrobenzanthrene

ND

ND

ND

ND

12.56 ±0.9

Dihydrobenzanthrene

ND

ND

7.93 ±0.36

12.2 ±1.1

14.25 ±2.06

Benzanthrene

11.65 ±0.5

18.47 ±1.32

21.66 ±0.4

18.99 ±0.33

15.6 ±1.89

35.19 ±3.0

24.34 ±3.5

14.27 ±2.14

9.61 ±1.06

ND

82.81

87.48

94.74

90.55

94.46

BEZO

Mass
Balance (%)
a

56.56

Initial concentration based on analysis of control sample
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Table 8-6: Product distribution analysis of the chemical reduction of BaAQ with the reducing system.

Compound

0.5 hour

6 hours

12 hours

18 hours

24 hours

DihydroBaA

ND

ND

8.6 ±0.14

14.8 ± 0.58

22.9 ± 1.6

BaA

ND

12.7 ±2.97

19.4 ±1.0

18.1 ±1.06

14.37 ±0.44

50.19 ±2.12

38.1 ±2.97

21.2 ±1.37

18.2 ±1.02

10.85 ±0.27

94.51

95.66

92.65

96.23

90.62

BaAQ

Mass
Balance (%)

a

0 houra

53.1

Initial concentration based on analysis of control sample
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Table 8-7: Product distribution analysis of the chemical reduction of B[a]P with the reducing system.

0 hour a

0.5 hour

6 hours

12 hours

18 hours

24 hours

HexahydroBaP

ND

ND

ND

ND

6.6 ±0.34

TetrahydroBaP

8.6 ±1.23

10.02 ±2.3

13.98 ±0.66

16.28 ±1.08

19.08 ±2.21

TetrahydroBaP
isomer 2

ND

ND

7.12 ±0.27

11.78±0.53

13.5 ±0.46

34.9 ±3.19

26.51 ±3.4

18.09 ±2.5

10.6 ±1.5

ND

96.8

81.35

87.32

86.10

87.26

Compound

B[a]P

Mass
Balance (%)

a

44.9

Initial concentration based on analysis of control sample
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Table 8-8: Product distribution analysis of the chemical reduction of D[al]P with the reducing system.

Compound
0 hour a

0.5 hour

6 hours

12 hours

18 hours

24 hours

HexahydroD[al]P

ND

ND

ND

ND

7.38 ±0.1

TetrahydroD[al]P
isomer 1

ND

ND

9.28 ±1.2

8.38 ±0.86

9.09 ±0.12

TetrahydroD[al]P
isomer 2

ND

ND

10.16 ±1.5

15.42 ±2.1

13.17 ±0.07

48.7 ±3.16

44.4 ±2.8

30.01 ±2.0

23.34 ±3.0

17.7 ±2.39

96.33

87.83

97.75

93.20

93.75

D[al]P

Mass
Balance (%)
a

50.6

Initial concentration based on analysis of control sample
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Degradation Kinetics

By using the pseudo-first order and half-life equations, outlined in the previous chapter,
the resulting rate constant values of pseudo first-order kinetics and half-lives are listed in Table
8-9.

Table 8-9: Fitted pseudo-first-order rate constants and half-lives of the four OPAHs degraded by
Mg/C.

Reactants

Initial

Rate constant

Half-life

concentrationb

Coefficient of

Reaction

determination

Time

(µg/mL)

k ( h-1)

t1/2 (h)

R2

(h)

9-FLUO

61.5

0.1501

4.62

0.8928

12

FLA

68.2

0.0708

9.79

0.8727

24

BEZO

56.6

0.0795

8.72

0.952

18

7,12-BaANTQ

53.1

0.0503

13.78

0.8484

24

B[a]P

44.9

0.0771

8.99

0.9927

18

D[a,l]P

50.6

0.0442

15.67

0.9842

24

-R2 is the statistical measure of the linearity of the curve fit.
- b Initial concentrations determined from control samples obtained after soil extraction and no
metal added.
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Comparing the kinetic results of this feasibility study against the soil-free degradation
results for B[a]P (chapter 5), 9-FLUO and 7,12-BaANTQ (chapter 7), it can be deduced that
there is a significant reduction in the rate of degradation with the soil studies. Taking into
account that the concentrations of B[a]P, 9-FLUO and 7,12-BaANTQ were much higher (250
µg/mL) in the experiments described in chapters 5 and 7, it is surprising that faster degradation
rates were not achieved in this study. It is believed that the slow degradation rate is likely due to
the presence of dissolved organic matter (DOM) such as humic acid or inorganic materials,
extracted from the soil, that might react or use up some of the reducing capacity of the activated
Mg metal. The argument that DOM was extracted from the soil, along with the contaminants of
interest, was based on observations that the cosolvent had a dark color following the extraction
phase. The image, in Figure 8-22, compares a solution of cosolvent prior to the extraction stage
(transparent color) to the cosolvent collected after the extraction of 1g of soil (light brown color).
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(a)

(b)

Figure 8-13: Picture of cosolvent solution before (a) and after (b) extraction of contaminants in
spiked soil.
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Conclusion

Based on optimization conditions for soil-free studies, the experimental results of this
chapter demonstrated that the activated Mg/cosolvent system can substantially extract PAH and
OPAHs contaminants in spiked soil and subsequently degrade them at ambient temperature and
pressure. The extraction conditions were optimized with a 2:1 cosolvent/soil ratio, resulting in a
range from 58% to 85% extraction efficiency for the selected compounds. The influence of ethyl
lactate, in the solvent mixture, was evaluate and it was demonstrated that the addition of 5-50%
ethyl lactate significantly improved the desorption of PAHs and OPAHs compared to solely
using ethanol solvent The ensuing degradation efficiency, for PAHs and OPAHs extracted from
the soil, ranged from 64 to 87%. The degradation of the spiked contaminants, by the activated
metal, followed pseudo-first-order kinetics; however comparing the kinetic rates of this study to
soil-free studies, it is noticed that the degradation rate is significantly reduced. It is believed that
even though extracted organic or inorganic components, from the soil medium, did not hinder the
degradation process; the reactivity of the activated Mg metal was definitely affected by their
presence.
The results obtained, from this chapter study, suggest that the remediation of PAH and
OPAH-contaminated soils with the activated metal/cosolvent system, a combined solvent
extraction and chemical reduction process, is a promising methodology. Using the optimum
conditions, elucidated in this study, it is estimated that 200 mL of cosolvent is needed to
substantially extract PAHs and OPAHs in 100 g of soil, followed by a required 5 g of metal to
adequately degrade the extracted contaminants. The experiments, described in the chapter,
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enable a better understanding and provide essential information for future research efforts and
optimizations in order to enhance the efficiency of this system for pilot-scale treatment studies.
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CHAPTER NINE: CONCLUSION AND FUTURE DIRECTIONS

As a result of this dissertation work, an environmentally-friendly method has been
developed for the degradation of PAHs and OPAHs in soil. This treatment process consists of an
activated zero-valent magnesium metal and a cosolvent. The aim of this study was to present the
metal/cosolvent system as a way to extract the contaminants from the soil and sequentially
degrade them. To achieve this goal, the role of the magnesium metal and the cosolvent on the
mechanism and kinetics of PAH and OPAH degradation were examined in soil-free and spiked
soil systems. Initially, the effects of the metal such as mass loading, particle size and acid
activation were investigated to evaluate the capability of this system for the reduction of PAHs
and OPAHs in a soil-free medium. Secondly, optimum amount of metal, that will maximize
degradation kinetics, was assessed in soil-free batch experiments. Finally for soil studies, an
optimal co-solvent to soil ratio was inspected for the desorption of contaminants from soils and
their subsequent availability to magnesium metal. By finding the factors which control the
degradation process and determining the optimal metal/co-solvent combinations for effective
reduction of PAHs and OPAHs contaminants, the present work demonstrated the flexible and
cost-effective approach of using this combined system for the treatment of polluted soil media.
The experimental results show that 2 mL of an ethanol-ethyl lactate solvent mixture (1:1 ratio)
resulted in 58% to 85% extraction efficiency for the selected contaminants (0.33-0.60 mmol) in 1
g of spiked soil, followed by a 64 to 87% degradation efficiency of the extracted contaminants
by the 4.11 mmol of activated metal. The method developed, as a result of this dissertation
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study, can be considered as a potential tool for ex situ remediation of soils contaminated with
both PAHs and OPAHs.

Future Directions

Although the lab-scale experiments, of this dissertation study, have demonstrated the
potential of this system for soil remediation; further research efforts and optimizations studies
are required before a pilot or full-scale site remediation can be conducted. Future studies, should
focus on the following topics:

Toxicity of By-products Resulting from Metal/Cosolvent System

Several hydrogenated derivatives of PAHs compounds were produced throughout the
course of this dissertation research. It is not known if the by-products formed are actually less
toxic than the parent compounds; however it can only be surmised that PAHs are converted into
les toxic compounds based on the works of Yuan et al. [67], Later et al. [164] and Lijinsky et
al.[165] . Yuan and Later conducted a mutagenic assay test with modified salmonella strains
(Ames test) for hydrogenated benzo[a]pyrene (B[a]P) derivatives and found that less mutations
occurred as the degree of hydrogenation increased (going from dihydrogenated-B[a]P to
octahydrogenated-B[a]P or higher). Although their experiments have shown that hydrogenated
PAHs are less genotoxic to bacteria, it not certain how these results would correlate with higher
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organisms (i.e. laboratory animals or humans). Kotin analyzed the adverse health effects of
mixtures of polycyclic carcinogens and their hydrogenated derivatives on C57 male mice [90],
and demonstrated that some partially reduced derivatives, of carcinogenic PAHs, acted as
“anticarcinogens” by completely inhibiting the tumorigenesis and retarding the carcinogenic
effect normally induced by the parent compounds. However, there is no guarantee that mixture
of parent PAH and hydroaromatic compounds formed in this study will have the same effect as
the aforementioned study. Therefore, adequate toxicological tests should be performed to verify
that the reductive degradation process, of the Mg/co-solvent system, actually converts PAHs and
OPAHs into less toxic products.

Potential of Metal/Cosolvent for Remediation of Contaminated Soils

In this study the efficacy of the metal/co-solvent system, for the desorption and
degradation, was evaluated for spiked soil. Further work should be conducted to examine the
capacity of the cosolvent to extract a considerable amount of PAHs in aged soils (naturally
contaminated or spiked and stored for more than a month). Other studies should be directed with
soils with high organic content (greater than 5%) in order to investigate the effect of extracted
soil organic matter on the reactive sites of the metal.
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Effect of pH

The inherent pH of the soil, the pH of the cosolvent following extraction and the pH of
the reaction solution containing the metal, are crucial parameters that can influence the
degradation efficiency. Past studies have shown that the pH severely affect the reaction kinetics
of zero-valent metals in aqueous solutions [166]. Since the degradation reactions, of this study,
take place in non-aqueous media; accurate pH monitoring cannot be achieved. It is proposed that
forthcoming studies employ a pH meter suitable for non-aqueous solutions. If an increase in pH
is found to eventually affect the degradation rate and product distribution, then a possible buffer
should be used to counter drastic pH changes.

Surface Analysis

Surface analyses of the magnesium metal should be performed to determine to active
surface area or reactive sites of the magnesium before and after acetic acid addition. X-ray
photoelectron spectroscopy (XPS) should be used to identify the chemical species present in the
surface passivating layer (either magnesium oxide or magnesium hydroxide). Bouaricha et al.
[119] have hypothesized that increased reactivity of magnesium metal, ball milled with graphite,
is due to an impediment or slow reformation of the passivating oxide layer. Specific metal
characterization techniques should be performed to verify this hypothesis. Also, it was
speculated that the formation of magnesium ethoxide (Mg(OCH2CH3)2) precipitate, from the
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reaction of ethanol and magnesium metal, acted as a passivating layer. Characterization
technique such as X-ray diffraction (XRD) Infrared (IR) spectroscopy, as used by Chandran et al.
[167] to detect sodium ethoxide, should be used to confirm the presence Mg(OCH2CH3)2.

Possible Large-scale Application

Assuming that the by-products formed, from the reducing system, are less toxic than the
parent compounds, a possible ex situ and closed-loop system can be devised to treat PAH and
OPAH-contaminated soils. As illustrated in Figure 9.1, a certain amount of excavated soil is
placed in an extraction vessel where it can be subjected to a solvent washing (extraction). Then,
by way of a column, the co-solvent and the extracted contaminants are brought to a reaction
vessel containing activated-magnesium metal to initiate the degradation process. After a certain
time point, the co-solvent and the newly-formed degradation by-products are pushed out of the
reaction vessel. Then, the co-solvent is either recycled by removing the by-products or added to
the previously washed soil for a second extraction phase. If it is determined that the by-products
are indeed less toxic, then their removal from the solvent (recycling step) is not necessary. The
closed-solvent loop step can be performed multiple times until the reducing capacity, of the
metal, is used up. The average lifetime of the metal, for this proposed methodology, should
therefore be determined.
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Solvent recycling (if needed)

Closed-solvent loop

Reaction vessel

Extraction

containing
activated Mg/C

vessel

Filtration

Contaminated soil
(Previously sifted)

New Mg/C (if needed)

Spent Mg/C

Clean soil (After 2-4 solvent washings)

Figure 9-1: Schematic diagram for the proposed two-step desorption and degradation methodology with the activated-Mg/cosolvent system
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APPENDIX:
OPAH SELECTED ION MONITORING (SIM) PARAMETERS
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Mass Spectrometry (MS) Selected Ion Monitoring Parameters

a

compounds identified using MS spectral library,

b

compounds determined using fragmentation pattern

Peak

Group # Compound

Retention

#

Molecular

Fragment Ions (m/z)

Time (min) Ion (m/z)

1

1

9-Fluorenonea

10.81

180

152, 151, 126

2

1

9-Fluorenol a

10.77

182

181, 165, 152

3

1

Fluorene a

8.98

166

139, 115, 82

4

2

9,10-Anthracenequinone a

14.25

208

180, 152, 76

5

2

Anthrone a

13.95

194

165, 139, 82

6

2

Anthracene a

11.58

178

152, 88, 76

7

2

9,10-dihydroanthracene a

9.87

180

179, 165, 89

8

2

9,10-dihydroanthracen-9-ol b

12.74

196

195, 178, 152

9

2

9,10-dihydroanthracene-9,10-diol b

19.92

212

211, 194, 178, 165, 152
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Peak

Group # Compound

Retention

#

Molecular

Fragment Ions (m/z)

Time (min) Ion (m/z)

10

2

10-hydroxyanthracen-9(10H)-one b

14.10

210

194, 181, 165, 152

12

3

Benz[de]anthracene-7-one a

23.17

230

202, 200, 101

13

3

7H-Benzo[de]anthracene a

19.19

216

215, 189, 108

14

3

7,11b-dihydro-1H-benzo[de]anthracen-7-ol b

23.99

232

215, 202, 189

15

3

5,6-dihydro-4H-benzo[de]anthracene a

16.67

218

215, 203, 189

17

4

7,12-Benz[a]anthracenequinone a

24.72

258

230, 202, 101

18

4

Benz[a]anthracene a

22.44

228

224, 114, 101

19

4

7,12-dihydrobenz[a]anthracene a

20.50

230

229, 228, 215, 202, 114

20

4

Benz[a]anthracen-12(7H)-one b

25.2

244

215, 193, 106, 95
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Chromatograms of: (A) OPAH mixture standard, ( B) OPAH mixture, 12 hours after chemical
reduction with Mg/C system. Numbers correspond to compounds listed in previous table.

186

LIST OF REFERENCES

[1] US EPA, 2010. Common Chemicals Found at Superfund Sites :http://www.epa.gov/
superfund/resources/chemicals.htm.
[2] F. Haeseler, D. Blanchet, V. Druelle, J.P. Vandecasteele, Analytical characterization of
contaminated soils from former manufactured gas plants, Environ. Sci. Technol. 33(1999) 825–
830.
[3] C.E. Cerniglia, Biodegradation of polycyclic aromatic hydrocarbons, Biodegradation 3
(1992) 351–368.
[4] R. Weber, F. Iino, T. Imagawa, M. Takeuchi, T. Sakurai, M. Sadakata, Formation of PCDF,
PCDD, PCB and PCN in de novo synthesis from PAHs: Mechanistic aspect and correlation to
fluidized bed incinerators, Chemosphere 44 (2001) 1429-1438.
[5] L.C. Wang, W.J. Lee, W.J. Lee, G.P. Chang-Chien, P.J. Tsai, Effect of Chlorine content in
feeding wastes of incineration on the emission of polychlorinated dibenzo-pdioxins/dibenzofurans, Sci. Total Environ. 302 (2003) 185-198.
[6] F. Wania, D. Mackay, Tracking the distribution of persistent organic pollutants, Environm.
Sci. Technol. 30 (1996) 390-396.
[7] S. Paterson, D. Mackay, A model illustrating the environmental fate exposure and human
uptake of the persistent organic chemicals, Ecol. Modelling 47(1989) 85.
[8] N.T. Edwards, Polycyclic aromatic hydrocarbons (PAHs) in the terrestrial environment: A
review, J. Environ. Qual. 12 (1983) 427–441.
[9] M. R. Schure, D.F.S. Natusch, The effect of temperature on the association of POM with
airborne particles. In M. Cooke, A. Dennis, and G. Fisher (ed.) Polynuclear aromatic
hydrocarbons physical and biological chemistry. Battelle Press, Columbus, OH, 1982, p. 713–
724.
[10] R.G. Harvey, Polycyclic aromatic hydrocarbons. Wiley-VCH: New York, 1997.
[11] H. Bockhorn, F. Fetting, H.W Wenz, Investigation of theformation of high molecular
hydrocarbons and soot in premixed hydrocarbon–oxygen flames, Ber. Bunsenges. Phys. Chem.
87 (1983) 1067–1073.
187

[12] G. Grimmer, Environmental carcinogens: Polycyclic aromatic hydrocarbons. CRC Press:
Boca Raton, FL, 1983.
[13] R.G Harvey, Environmental chemistry of PAHs. In: A.H. Neilson (ed.) The handbook of
environmental chemistry: PAHs and related compounds. Springer: New York, 1998, p. 1-54.
[14] P.D. Boehm, D.S. Page, W.A. Burns, A.E Bence, P.J. Mankiewicz, J.S. Brown, Resolving
the origin of the petrogenic hydrocarbon background in Prince William Sound, Alaska, Env. Sci,
Tech. 35 (2001) 471-479.
[15] R. Dabestani, I. Ivanov, A compilation of physical, spectroscopic and photophysical
properties of poly aromatic hydrocarbons, Photochemistry and Photobiology 70 (1999) 10- 34.
[16] ATSDR. 1995. Toxicological profile for polycyclic aromatic hydrocarbons (PAHs). Agency
for Toxic Substances and Disease Registry ,U.S. Department of Health and Human Services,
Public Health Service. Atlanta, GA. Available on-line at: http://www.atsdr.cdc.gov/tfacts69.html.
[17] G. Portella, J. Poater , M. Sola, Assessment of Clar's aromatic pi-sextet rule by means of
PDI, NICS and HOMA indicators of local aromaticity, J. Phys. Org. Chem. 18(2005) 785-791.
[18] R.A Kanaly, S. Harayama, Biodegradation of high-molecular-weight Polycyclic Aromatic
Hydrocarbons by bacteria, J. Bacteriol. 182 (2000) 2059-2067.
[19] S.C. Wilson, K.C. Jones, Bioremediation of soil contaminated with polynuclear aromatic
hydrocarbons (PAHs): A review, Environ. Pollut. 81(1993) 229–249.
[20] K.C Jones, R.E. Alcock, D.L. Johnson, G.L. Northcott, K.T. Semple, P.J. Woolgar, Organic
chemicals in contaminated land: analysis, significance and research priorities, Land Contam.
Reclam. 4(1996) 189–197.
[21] S.R Wild, K. C. Jones, Polynuclear aromatic hydrocarbons in the United Kingdom
environment: a preliminary source inventory and budget, Environ. Poll. 88 (1995) 91–108.
[22] D. Mackay, D. Callcott, Partitioning and physical chemical properties of PAHs. In: A.H.
Neilson (ed.) The handbook of environmental chemistry: PAHs and related
Compounds; Springer: New York, 1998; p.325-346.
[23] W. Lijinsky, The formation and occurrence of polynuclear aromatic hydrocarbons
associated with food. Mutation Research 259 (1991) 251–261.
[24] E.C. Miller, J.A. Miller, Searches for ultimate chemical carcinogens and their reactions with
cellular macromolecules, Cancer 47 (1981) 2327-2345.

188

[25] F. Haeseler, D. Blanchet, V. Druelle, J.P. Vandecasteele, Ecotoxicological characterization
of metabolites produced during PAH biodegradation in contaminated soils. In V.S. Magar, G.
Johnson, S.K. Ong, A. Leeson (ed.) Bioremediation of energetics, phenolics, and polycyclic
aromatic hydrocarbons: The sixth international in situ and on-site bioremediation symposium.
Battelle Press, Columbus, OH, 2001.
[26] B. Guieysse, G. Viklund, A.C. Toes, B. Mattiasson, Combined UV-biological
degradation of PAHs. Chemosphere 55(2004) 1493-1499.
[27] B.G. McDonald, P.M. Chapman, PAH phototoxicity - an ecologically irrelevant
phenomenon? Marine Poll. Bull.44 (2002) 1321-1326.
[28] F. Volkering, A. Breure, Biodegradation and general aspects of bioavailability. In: P.E.T.
Douben (ed.) PAHs: An ecotoxicological perspective. John Wiley and Sons Ltd: New York,
2003, p.81-96.
[29] W. Wilcke, Polycyclic Aromatic Hydrocarbons (PAHs) in soil: A Review, J. of Plant Nutr.
Soil Sci. 163 (2000) 229-248.
[30] A.L Juhasz, R. Naidu, Bioremediation of high molecular weight polycyclic aromatic
hydrocarbons: a review of the microbial degradation of benzo[a]pyrene, Int. Biodeterioration
Biodegradation 45(2000) 57-88.
[31] K.C Jones, J.A. Stratford, K.S. Waterhouse, N.B. Vogt, Organic contaminants in Welsh
soils: Polynuclear aromatic hydrocarbons. Environ. Sci. Technol. 23(1989) 540–550.
[32] N.T. Edwards, Polycyclic aromatic hydrocarbons (PAHs) in the terrestrial environment: A
review, J. Environ. Qual. 12 (1983) 427–441.
[33] K.C Jones, J.A. Stratford, P. Tidridge, K.S. Waterhouse, Polynuclear aromatic hydrocarbons
in an agricultural soil: Long-term changes in profile distribution. Environ. Pollut. 56(1989) 337351.
[34] A. Greenberg, A., F. Darack, R. Harkov, P. Lioy, J. Daisey, PAHs in New Jersey: A
comparison of winter and summer concentrations over a two-year period. Atmos. Environ. 19
(1985) 1325–1339.
[35] M.A Barter, Phytoremediation – An overview, J. New Engl. Water Environ. Assoc.
33(1999)158-164.
[36] H.H. Liste, M. Alexander, Accumulation of phenanthrene and pyrene in rhizosphere soil.
Chemosphere 40(2000) 11-14.
189

[37] S. Gan, E.V. Lau, H.K Ng, Remediation of soils contaminated with polycyclic aromatic
hydrocarbons (PAHs), J. Hazard. Mater. 172 (2009) 532-549.
[38] S.L Hutchinson, A.P. Schwab, M.K. Banks, Biodegradation of petroleum
hydrocarbons in the rhizosphere. In: S.C. McCutcheon and J.L. Schnoor (ed.),Phytoremediation:
Transformation and control of contaminatnts. John Wiley and Sons, Inc: New Jersey, 2003, p.
355-386.
[39] L. Lei, A.P. Khodadoust, M.T. Suidan, H.H. Tabak, Biodegradation of sediment-bound
PAHs in field-contaminated sediment. Water Research 39 (2005)349-361.
[40] B.D Lee, M. Hosomi. A hybrid Fenton oxidation-microbial treatment for soil highly
contaminated with benzo(a)anthracene. Chemosphere 43(2001) 1127–1132.
[41] C.E Cerniglia, J.B. Sutherland,S.A. Crow, Fungal metabolism of aromatic hydrocarbons. In
G. Winkelmann (ed.) Microbial degradation of natural products.Verlag Chemie Press,Weinheim,
Germany,1992, p.193-217.
[42] M. Alexander, Biodegradation and bioremediation, Second Edition. Academic Press, San
Diego, CA, 1999.
[43] J. Harmsen, Measuring bioavailability: From a scientific approach to standard methods,
J.Environ. Qual. 36 (2007) 1420-1428.
[44] F. Volkering, A. Breure, A. Sterkenburg, J.G. van Andel, Microbial degradation of
polycyclic aromatic hydrocarbons: Effect of substrate availability on bacterial growth kinetics,
Appl. Microbiol. Biotechnol. 36 (1992) 548-552.
[45] S. Lundstedt, P. Haglund, and L.G. Oberg, Degradation and formation of polycyclic
aromatic compounds during bio-slurry treatment of an aged gasworks soil, Environ. Toxicol.
Chem. 22 (2003) 1413–1420.
[46] C.E Cerniglia, D.T. Gibson, Fungal oxidation of benzo[a]pyrene and (+/-)-trans-7,8dihydroxy-7,8-dihydrobenzo[a]pyrene: Evidence for the formation of a benzo[a]pyrene 7,8-diol9,10-epoxide, J. Biol. Chem. 255(1980) 5159–5163.
[47] J.B. Eweis, S.J. Ergas, D. P. Y. Chang, E.D. Schroeder, Bioremediation principles.
McGraw-Hill, Boston, MA, 1998.
[48] F. Baudgrasset, S. Baudgrasset, S.I. Safferman, Evaluation of the bioremediation of a
contaminated soil with phytotoxicity tests. Chemosphere 26 (1993) 1365-1374.
[49] EPA, 1993. Innovative Site remediation technology : Thermal desorption, Volume 6 .EPA
542-B-93-011. U.S. Environmental Protection Agency, Washington, DC.
190

[50] P. Acharya, P. Ives, Incineration at Bayou Bounfouca remediation project, Waste Manag.
14 (1993) 13-26.
[51] B.W Bogan, V. Trbovic, Effect of sequestration on PAH degradability with Fenton's
reagent: roles of total organic carbon, humin, and soil porosity. J. Hazard. Mat. B100 (2003)
285–300
[52] F.J Rivas, Polycyclic aromatic hydrocarbons sorbed on soils: A short review of chemical
oxidation based treatments. J. Hazardous Materials B138 (2006) 234-251.
[53] J. Stehr, T. Muller, K. Svensson, C. Kamnerdpetch, T. Scheper, Basic examinations on
chemical pre-oxidation by ozone for enhancing bioremediation of phenanthrene contaminated
soils, Appl. Microbiol. Biotechnol. 57(2001) 803–809.
[54] V. Flotron, C. Delteil, Y. Padellec, V. Camel, Removal of sorbed polycylic aromatic
hydrocarbons from soil, sludge and sediment sample using the Fenton’s reagent
process,Chemosphere 59(2005) 1427–1437.
[55] S. Lundstedt, Y. Persson, L.G. Oberg, Transformation of PAHs during ethanol-Fenton
treatment of an aged gasworks soil. Chemosphere 65(2006) 1288–1294.
[56] T. Yuan, A.J. Majid, W.D. Marshall, Detoxification of aryl-organochlorine compounds by
catalytic reduction in supercritical carbon dioxide, Green Chem. 5 (2003) 25-29.
[57] A.M. Venezia, V. La Parola, B. Pawelec, J.L.G. Fierro, Hydrogenation of aromatics over
Au-Pd/SiO2-Al2O3 catalysts; support acididty effect, Appl. Catal. A: Gen. 264, 43-51.
[58] S.S. Salim, A.T. Bell, Effects of Lewis acid catalysts on the hydrogenation and cracking of
three-ring aromatic and hydroaromatic structures related to coal, Fuel 63 (1984) 469-476.
[59] V.L. Barrio, P.L. Arias, J.F. Cambra, M.B. Guemez, B. Pawelec, J.L.G. Fierro, Aromatics
hydrogenation on silica-alumina supported palladium –nickel catalyst. Appl. Catal. A:Gen, 242
(2003) 17-30.
[60] Q. Wu, T. Yuan, W.D. Marshall, Approaches to soil remediation with green procedures, in:
A.S. Gopalan, C.M. Wai, H.K. Jacobs (Eds), Supercritical Carbon Dioxide; Separations and
processes ACS Symposium Series 860, American Chemical Society, Washington DC, 2003,
p.172-186.
[61] G. D. Sayles, G. You, M. Wang, M. J. Kupferle, DDT, DDD, and DDE dechlorination by
zero-valent iron, Environ. Sci. Technol. 31 (1997) 3448-3454.
191

[62] W. S. Orth, R. W. Gillham, Dechlorination of trichloroethene in aqueous solution using
Fe0, Environ. Sci. Technol. 30 (1996) 66-71.
[63] Y. H. Kim, E. R. Carraway, Dechlorination of pentachlorophenol by zero valent iron and
modified zero-valent irons, Environ. Sci. Technol. 34 (2000) 2014-2017.
[64] C. Grittini, M. Malcomson, Q. Fernando, N. Korte, Rapid dechlorination of polychlorinated
biphenyls on the surface of a Pd/Fe bimetallic system, Environ. Sci. Technol. 29 (1995) 28983000.
[65] R. G. Vidic, and R. G. Pohland, “Treatment walls”, Technol. Evaluat. Report (TE-96-01),
(1996), pp. 1-38.
[66] R. A. Doong, S. C. Wu, Reductive dechlorination of chlorinated hydrocarbons in aqueous
solutions containing ferrous and sulfide ions, Chemosphere 24 (1992) 1063-1075.
[67] F. Nador, Y. Moglie, C. Vitale, M. Yus, F. Alonso, G. Radivoy, Reduction of polycyclic
aromatic hydrocarbons promoted by cobalt or manganese nanoparticles, Tetrahedron 66 (2010)
4318-4325.
[68] M.J. Jacinto, O.H.C.F. Santos, R. Landers, P.K. Kiyohara, L.M. Rossi, On the catalytic
hydrogenation of polycyclic aromatic hydrocarbons into less toxic compounds by a facile
recoverable catalyst, Appl. Catal. B: Environ. 90 (2009) 688-692.
[69] S. Lundstedt, P.A. White, C.L. Lemieux, K.D. Lynes, 273 I.B. Lambert, L.Oberg,
P.Hanglund, M. Tysklind, Sources, fate, and toxic hazards of oxygenated polycyclic aromatic
hydrocarbons (PAHs) at PAH-contaminated sites, Ambio 36 (2007) 475-485.
[70] E. Nelkenbaum, I. Dror, B. Berkowitz, Reductive hydrogenation of polycyclic aromatic
hydrocarbons catalyzed by metalloporphyrins, Chemosphere 68 (2007) 210-217.
[71] T. Yuan, A.R. Fournier, R. Proudlock, W.D. Marshall, Continuous catalytic hydrogenation
of polyaromatic hydrocarbon compounds in hydrogen-supercritical carbon dioxide, Env. Sci.
Technol. 41 (2007) 1983-1988.
[72] B. Pawelec, J.M. Campos-Martin, E. Cano-Serrano, R.M. Navarro, S. Thomas, J.L.G.
Fierro, Removal of PAH compounds from liquid fuels by Pd catalysts, Env. Sci. Technol. 39
(2005) 3374-3381.
[73] C. Schuth, M. Reinhard, Hydrodechlorination and hydrogenation of aromatic compounds
over palladium on alumina in hydrogen saturated water, Appl. Catal. B: Environ. 18 (1998) 215221.

192

[74] T. Yuan, W.D. Marshall, Catalytic hydrogenation of polycyclic aromatic hydrocarbons
over palladium/γ-Al2O3 under mild conditions, J. Hazard. Mater. 126 (2005) 149-157.
[75] Z.G. Zhang, K. Okada, M. Yamamoto, Hydrogenation of anthracene over active carbonsupported nickel catalyst T. Yoshida, Catal. Today 45 (1998) 361-366.
[76] P.P. Fu, H.M. Lee, R.G. Harvey, Regioselective catalytic hydrogenation of polycyclic
aromatic hydrocarbons under mild conditions, J. Org. Chem. 45 (1980) 2797-2803.
[77] C.U. Pittman, J. He, Dechlorination of PCBs, CAHs, herbicides and pesticides neat and in
soils at 250C using Na/NH3, J. Hazard. Mater. 92 (2002) 51-62.
[78] J. March, Advanced Organic Chemistry, seventh ed., Wiley and Sons Inc., New York, 2007,
pp.1067-1068.
[79] M. Costanzo, M. Patel, K. A. Petersen, P.F. Vogt, Ammonium-free Birch reduction with
sodium stabilized in silica gel, Na-SG (I), Tetrahedron Lett. 50 (2009) 5463-5466.
[80] M. E. Garst, L.J. Dolby, S. Esfandiari, N. A. Fedoruk, N. C. Chamberlain, A.A. Avery,
Reduction with lithium in low molecular weight amines and ethylenediamine, J.Org. Chem. 65
(2000) 7098-7104.
[81] G.H. Lee, I.K. Youn, E.B. Choi, H.K. Lee, G.H. Yon, H.C. Yang, C.S. Pak, Magnesium in
methanol (Mg/MeOH) in organic syntheses, Curr. Org. Chem. 8 (2004) 1263-1287.
[82] R. O. Hutchins, Suchismita, R. E. Zipkin, I. M. Taffer, Reductions of alkyl and aryl halides
with magnesium and methanol, Synth. Commun. 19 (1989) 1519-1522.
[83] K. Keirstead, The reduction of aromatic nitro compounds by magnesium and methyl
alcohol, Can. J. Chem. 31 (1953) 1064-1077.
[84] R O. Hutchins, Suchismita, R. E. Zipkin, I. M. Taffer, R. Sivakumar, A. Monaghan, E. M.
Elisseou, Selective reductions of conjugated acetylenes with magnesium in methanol and
methanol-D,Tetrahedron Lett. 30 (1989) 55-56.
[85] G. Song, A. Atrens, Corrosion mechanisms of magnesium alloys. Adv. Eng. Mater. 1
(1999) 11-33.
[86] G.Song, A. Atrens, Understanding magnesium corrosion. A framework for improved alloy
performance. Adv. Eng. Mater. 5 (2003) 837-858.

193

[87] P. Vanysek, Electrochemical Series, In CRC Handbook of Chemistry and Physics:71st ed.;
D.R.Lide, Ed.; Chemical Rubber Publishing Company: Boston, 1991; pp. 8.16-8.23.
[88] U. Tilstam, H. Weinmann, Activation of Mg metal for safe formation of Grignard reagents
on plant scale, Org. Process Res. Dev. 6 (2002) 906-910.
[89] U. Patel, S. Suresh, Dechlorination of chlorophenols by magnesium-silver bimetallic
systems, J. Colloid Interface Sci. 299 (2006) 249-259.
[90] K.L Chavez, D.W. Hess, A novel method of etching copper oxide using acetic acid,
J.Electrochem. Soc. 148 (2001) 640-643.
[91] K.J. Hacias, Acid cleaning, in: C.M. Cotell, J.A. Sprague, F.A. Smidt Jr.(Eds.), Surface
Cleaning, Finishing and Coating. ASM Metals Handbook Vol. 5, ninth ed., ASM International,
Ohio, 1994, pp.48.
[92] I.A. Taub, W. Roberts, S. LaGambina, K. Kustin, Mechanism of dihydrogen formation in
the magnesium-water reaction, J. Phys. Chem. A 106 (2002) 8070-8078.
[93] M-H. Grosjean, M. Zidoune, J-Y. Huot, L. Roue, Hydrogen production via hydrolysis
reaction using ball-milled Mg-based materials, Int. J. Hydrogen Energy 31 (2006) 109-119.
[94] H.R. Rogers, C.L. Hill, Y. Fujiwara, R.J. Rogers, H.L. Mitchell, G.M. Whitesides,
Mechanism of formation of Grignard reagents. Kinetics of reaction of alkyl halides in diethyl
ether with magnesium, J. Am. Chem. Soc. 102 (1980) 217-226.
[95] L.J. Matheson, P.G. Tranyek, Reductive dehalogenation of chlorinated methanes by iron
metal, Environ. Sci. Technol. 28 (1994) 2045-2053.
[96] D.R. Burris, T.J. Campbell, V.S. Manoranjan, Sorption of trichloroethylene and
tetrachloroethylene in a batch reactive iron-water system, Environ. Sci. Technol. 29 (1995) 28502855.
[97] T.J. Campbell, D.R. Burris, V.S. Manoranjan, Trichloroethylene and tetrachloroethylene
reduction in a batch metallic iron/water/vapour system, Environ. Toxicol. Chem. 16 (1997) 625630.
[98] A.W. Andrews, L.H. Thibault, W. Lijinsky, The relationship between carcinogenicity and
mutagenicity of some polynuclear hydrocarbons, Mut. Res. 51 (1978) 311-318.
[99] P. Kotin, H.L. Falk, W. Lijinsky, L. Zechmeister, Inhibition of the effect of some
carcinogens by their partially hydrogenated derivatives, Science 123 (1956) 102.

194

[100] W. Lijinsky, F. Cefis, H. Garcia, U. Saffiotti, Skin tumorigenesis by
dibenz[a,h]anthracene modified by its hydrogenated derivatives, J. Natl. Cancer Inst. 34 (1965)
7-12.
[101] W. Xue, D. Warshawsky, Metabolic activation of polycyclic and heterocyclic aromatic
hydrocarbons and DNA damage: a review, Toxicol. Appl. Pharmacol. 206 (2005) 73-93
[102] C. Marie, A. Maitre, T. Douki, M. Gateau, A. Tarantini, P. Guirand, A. Favier, J.L
Ravanat, Influence of the metabolic properties of human cells on the kinetic of formation of the
major benzo[a]pyrene DNA adducts, J. Appl. Toxicol. 28 (2008) 579-590.
[103] P.L Grover, Pathways involved in the metabolism and activation of polycyclic aromatic
hydrocarbons, Xenobiotica 16 (1986) 915-931.
[104] Naphthalene MSDS, 2004. (http:// www.jtbaker.com/msds/englishhtml/n0090.htm)
Naphthalene, 1, 2, 3, 4-tetrahydro MSDS, 2004
(http:// www.jtbaker.com/msds/englishhtml/t1313.htm).
[105] M-H. Grosjean, M. Zidoune, J-Y. Huot, L. Roue, Hydrogen generation via alcoholysis
reaction using ball-milled Mg-based materials, Int. J. Hydrogen Energy 31 (2006) 1159-1163.
[106] J.J. Kilbane, Extractability and subsequent biodegradation of PAHs from contaminated
soil, Water, Air and Soil Pollution 104 (1998) 285-304.
[107] S. Diane, P.G. Roote, In Situ Flushing, Technology Overview Report TO-97-02,
GWRTAC Series, Groundwater Remediation Technologies Analysis Center ,1997.
[108] N.L. Capiro, B.P. Stafford, W.G. Rixey, P.B. Bedient, P.J. Alvarez, Fuel-grade ethanol
transport and impacts to groundwater in a pilot-scale aquifer tank, Water Res. 41 (2007) 656664.
[109] J.K. Fu, R.G. Luthy, Aromatic compound solubility in solvent-water mixtures, J. Env.Eng.
112 (1986) 328-345.
[110] A.P. Khoudadoust, R. Bagchi, M.T. Suidan, R.C. Brenner, N.G. Sellers, Removal of PAHs
from highly contaminated soils found at prior manufactured gas operations, J. Hazard. Mater.
B80 (2000) 159-174.
[111] B.D. Lee, M. Hosomi, Ethanol washing of PAH-contaminated soil and Fenton oxidation of
washing solution, J. Mater. Cycles Waste Manag. 2 (2000) 24-30.

195

[113] P.H. Lee, S.K. Ong, J. Goldchin, G.L. Nelson, Use of solvents to enhance PAH
biodegradation of coal-tar contaminated soils, Water Res. 35 (2001) 3941-3939
[113] N.Y. Turova, , E.P. Turevskaya, V.G. Kessler, M.I. Yanovskaya, The Chemistry of Metal
Alkoxides, Kluwer Academic Publishers, Massachusetts, 2002
[114] H.D Lutz, Zur Kenntnis der Erdalkaliäthylate. IR-spektroskopische Untersuchungen an
Mg(OC2H5)2, Ca(OC2H5)2, Sr(OC2H5)2 und Ba(OC2H5)2, Zeitschrift für anorganische und
allgemeine Chemie, 356 (1968) 132–139.
[115] D. L. Hawke, J.E. Hillis, Corrosion behavior, in: M.M. Avedian, H. Baker (Eds.),
Magnesium and Magnesium Alloys (ASM specialty handbook), ASM International, Ohio, 1999,
pp.199.
[116] G.H. Lee, H. K. Lee, E.B. Choi, B.T. Kim, C. S. Pak, An efficient Julia olefination
mediated by magnesium in ethanol, Tetrahedron Lett. 36 (1995) 5607-5608.
[117] E. Ghali, Magnesium and magnesium alloys in: R.W. Revie (Ed.), Uhlig’s Corrosion
Handbook, Wiley, New York, 2011, pp.809-835.
[118] H. Immura, S. Tabata, N. Shigetomi, Y. Takesue, Y. Sakata, Composites for hydrogen
storage by mechanical grinding of graphite carbon and magnesium, J. Alloys Compd. 330-332
(2002) 579-583
[119] S. Bouaricha, J.-P. Dodelet, D. Guay, J. Huot, R. Schulz, Study of Activation process of
Mg-based hydrogen storage materials modified by graphite and other carbonaceous compounds,
J. Mater. Res. 16 (2001) 2893–2905
[120] J. Joseph, S. C. Singh, V. K. Gupta, Morphology Controlled Magnesium Ethoxide:
Influence of Reaction Parameters and Magnesium Characteristics, Particul. Sci. Technol. 27
(2009) 528-541
[121] P. Sims, P.L. Grover, A. Swaisland, K. Pal, A. Hewer, Metabolic activation of
benzo(a)pyrene proceeds by a diol-epoxide, Nature, 252 (1974) 326-328
[122] A.Graslund, B. Jernstrom, DNA-carcinogen interaction: covalent DNA-adducts of
benzo(a)pyrene 7,8-dihydrodiol 9,10-epoxides studied by biochemical and biophysical
techniques. Quart. Rev. Biophys., 22 (1989) 1–37
[123] A. Luch, The Carcinogenic Effects of Polycyclic Aromatic Hydrocarbons, Imperial
College, London, 2005, pp.19-96.
[124] W.M Baird, L.A. Hooven, B. Mahadevan, Carcinogenic polycyclic aromatic hydrocarbonDNA adducts and mechanism of action, Env. Mol. Mutagenesis 45 (2005) 106-114.
196

[125] National Cancer Institute. Survey of Compounds Which have been Tested for
Carcinogenic Activity, NIH publication # 85-2775. Washington, DC: Superintendent of
documents (1985).
[126] M. Zidoune, M.-H. Grosjean, L. Roue, J. Huot, R. Schulz, Comparative study on the
corrosion behavior of milled and unmilled magnesium by electrochemical impedance
spectroscopy, Corros. Sci. 46 (2004) 3041-3055.
[127] M.-H. Grosjean, M. Zidoune, L. Roue, J. Huot, R. Schulz , Effect of ball milling on the
corrosion resistance of magnesium in aqueous media, Electrochimica Acta 49 (2004) 2461-2470
[128] A. Korshunov, M. Heyrovský, S. Bakardjieva, L. Brabec, Electrolytic processes in various
degrees of dispersion, Langmuir 23 (2007) 1523–1529
[129] P. J. Unwin, M. R. Rusnacik, S. Kresta, A. E. Nelson, Effect of surfactants on Cu
nanoparticle surface chemistry and aggregation ( # 245a), Proceedings of the American Institute
of Chemical Engineers (AIChE) 2006 Annual meeting, San Francisco, CA
[130] P. J. Unwin, M. E. Rusnacik, S. M. Kresta, A. E. Nelson, Effect of amine and thiol
addition on the surface chemistry and agglomeration of fine Cu powders, Colloids and Surfaces
A: Physicochem. Eng. Aspects 325 (2008) 72–80
[131] R.G. Harvey, Polycyclic Aromatic Hydrocarbons: Chemistry and Carcinogenesis,
Cambridge University Press, Cambridge, England, 1991, pp.124-126
[132] R. G. Jones, H. Gilman, Methods of Preparation of Organometallic Compounds, Chem.
Rev. 54 (1954) 835–890
[133] T. A. Baker, M. Head-Gordon, Modeling the charge transfer between alkali metals and
polycyclic aromatic hydrocarbons using electronic structure methods, J. Phys. Chem. A 114
(2010) 10326-10333
[134] L. D. Betowski, M. Enlow, L. Riddick, D. H. Aue, Calculation of electron affinities of
polycyclic aromatic hydrocarbons and solvation energies of their radical anion, J. Phys. Chem. A
110 (2006) 12927–12946
[135] B.D. Lee, M. Hosomi, A hybrid Fenton oxidation-microbial treatment for soil highly
contaminated with benzo(a)anthracene. Chemosphere 43(2001) 1127–1132.
[136] A.P. Khoudadoust, R. Bagchi, M.T. Suidan, R.C. Brenner, N.G. Sellers, Removal of PAHs
from highly contaminated soils found at prior manufactured gas operations, J. Hazard. Mater.
B80 (2000) 159-174.
197

[137] S. Aparicio, R. Alcade, The green solvent ethyl lactate : An experimental and theoretcical
characterization, Green Chem. 11 (2009) 65-78.
[138] C. S. M. Pereira, V. M. T. M. Silva, A. E. Rodrigues, Ethyl lactate as a solvent: properties,
applications and production processes – a review, Green Chem. 13 (2011) 2658–2671.
[139] EPA, 2010. Inert Ingredients Eligible for FIFRA 25(b) Pesticide Products. Office of
Prevention, Pesticides andToxic Substances.
[140] J. Jayaraj, K. J. Rockne, R. S. Makkar, Reductive dechlorination of tetrachloroethene by a
mixed bacterial culture growing on ethyl lactate, J. Envi. Sci. Health A 39(2004), 1399-1414.
[141] J. Jayaraj, K. J. Rockne, R. S. Makkar , A New Electron Donor for Reductive
Dechlorination of Perchloroethylene. In: V.S. Magar and M.E. Kelley (Eds.), In Situ and On-Site
Bioremediation.Proceedings of the Seventh International In Situ and On-Site Bioremediation
Symposium (Orlando, FL; June 2003), Battelle Press, Columbus, OH.
[142] Y. Sun, L. Ji, W. Wang, X. Wang, J. Wu, Simultaneous removal of polycyclic aromatic
hydrocarbons and copper from soils using ethyl lactate-amended EDDS solution, J. Environ.
Qual. 38 (2009) 1591-1597.
[143] K. Das, A.K. Mukherjeee, Differential utilization of pyrene as the sole source of carbon by
Bacillus subtilis and Pseudomonas aeruginosa strains: role of biosurfactants in enhancing
bioavailability, J. Appl. Microbiol. 102 (2007) 195-203.
[144] T. Tran-Duc, N. Thamwattana, B. J. Cox, J. M. Hill, Adsorption of polycyclic aromatic
hydrocarbons on graphite surfaces, Comp. Mater. Sci. 49 (2010) S307–S312.
[145] D. Vione, V. Maurino, C. Minero, E. Pelizzetti, M.A.J. Harrison, R.I. Olariu, C. Arsene,
Photochemical reactions in the tropospheric aqueous phase and on particulate matter, Chem. Soc.
Rev. 35 (2006) 441-453.
[146] B.E Andersson, S. Lundstedt, K. Tornberg, Y. Schnurer, L.G. Oberg, B. Mattiasson,
Incomplete degradation of polycyclic aromatic hydrocarbons in soil inoculated with woodrotting fungi, and their effect on the indigenous soil bacteria, Environ. Toxicol. Chem. 22 (2003)
1238–1243.
[147] J.L. Durant, W.F. Busby Jr., A.L. Lafleur, B.W. Penman, Human cell mutagenicity of
oxygenated, nitrated, and unsubstituted polycyclic aromatic hydrocarbons associated with urban
aerosols, Mutat. Res. 371 (1996) 123–157.
[148] J.L. Bolton, M.A. Trush, T.M. Penning, G. Dryhurst, T.J. Monks, Role of quinones in
toxicology, Chem. Res. Toxicol. 13 (2000) 135–160.

198

[149] C.L. Lemieux, A.B. Lambert, S. Lundstedt, M. Tysklind, P.A. White, Mutagenic hazards
of complex polycyclic aromatic hydrocarbon mixtures in contaminated soil, Environ. Toxicol.
Chem. 27 (2008) 978–990.
[150] T. Xia, P. Korge, J.N. Weiss, N. Li, M.I. Venkatesen, C. Sioutas, A. Nel, Quinones and
aromatic chemical compounds in particulate matter induce mitochondrial dysfunction:
implications for ultrafine particle toxicity, Environ. Health Perspect. 112 (2004) 1347-1358.
[151] J.A. Layshock, G. Wilson, K.A. Anderson, Ketone and quinone-substituted polycyclic
aromatic hydrocarbons in mussel tissue, sediment, urban dust, and diesel particulate matrices,
Environ. Toxicol. Chem. 29 (2010) 2450–2460.
[152] B.A. Musa Bandowe, N. Shukurov, M. Kersten, W. Wilcke, Polycyclic aromatic
hydrocarbons (PAHs) and their oxygen-containing derivatives (OPAHs) in soils from the Angren
industrial area Uzbekistan, Environ. Pollut. 158 (2010) 2888–2899.
[153] T.L. Johnson, M.M. Scherer, P.G. Tratnyek, Kinetics of halogenated organic compound
degradation by iron metal, Environ. Sci. Technol. 30 (1996) 2634–2640.
[154] Z. Wang, W. Huang, D. Fennell, P. Peng, Kinetics of reductive dechlorination of 1,2,3,4,TCCD in the presence of zero-valent zinc, Chemosphere 71 (2008) 360-368.
[155] J.Y. Kim, H.D. Kim, M.J. Seo, H. R. Kim, Z. No, D.C. Ha, G. H. Lee, Reduction of
ketones to corresponding alcohols with magnesium metal in absolute alcohols, Tetrahedron Lett.
47 (2006) 9-12.
[156] D. Xiao, B. Pan, M. Yu, Y. Liu, D. Zhang, H. Peng, Sorption comparison between
phenanthrene and its degradation intermediates, 9,10-phenanthrenequinone and 9-phenanthrol is
soils/sediments, Chemosphere 86 (2012) 183-189.
[157] S. Fallahtafti, T. Rantanen, R.S. Brown, V. Snieckus, P.V. Hodson, Toxicity of
hydroxylated alkyl-phenanthrenes to the early life stages of Japanese medaka (Oryzias latipes).
Aquatic Toxicology 106 (2012) 56–64.
[158] G.H. Wang, K. Kawamura, X. Zhao, Q.G. Li, Z.X. Dai, H.Y. Niu, Identification,
abundance and seasonal variation of anthropogenic organic aerosols from a mega-city in China,
Atmos. Environ. 41 (2007) 407–416.
[159] J.M. Khurana, V. Sharma, S. A. Chako, Deoxygenation of sulfoxides, selenoxides,
telluroxides, sulfones, selenones and tellurones with Mg-MeOH, Tetrahedron 63 (2007) 966-969.

199

[160] S. Hall, S. Lipsky, F. McEnroe, A. Batels, Lithium-ammonia reduction of aromatic ketones
to aromatic hydrocarbons, J. Org. Chem. 36 (1971) 2588-2591.
[161] Sigma-Aldrich, 2005. Material Safety Data sheet:
http//Caligula.bcs.deakin.edu.au/bcs_admin/msds/msds_docs/ethyl_lactate.pdf
[162] Daymenus, 1991. Daylight Chemical Information Systems, Inc., Irvine , CA.
[163] K.Y. Lee, Phase partitioning modeling of ethanol, isopropoanol and methanol with BTEX
compounds in water, Environ. Poll. 154 (2008) 320-329
[164] D.W Later, T.J. Wozniak, R,B. Lucke, R.A. Pelroy, D.D Mahlum, R.A Hites,
Hydrogenated Polycyclic Aromatic Hydrocarbons in Coal Liquefaction Materials : Analytical
Chemistry and Biological Activity. International Symposium on Polycyclic Aromatic
Compounds (ISPAC),Columbus, OH, USA, 30 Oct 1984, p.473-488
[165] W. Lijinsky, H. Garcia, U. Saffiotti, Structure-activity relationships among some
polynuclear hydrocarbons and their hydrogenated derivatives, J .Natl . Cancer Inst. 44 (1970)
641-649.
[166] J-L. Chen, S. R. Al-Abed, J. A. Ryan, Z. Li, Effect of pH on dechlorination of
trichloroethylene by zero-valent iron, J. Haz. Mater. B83 (2001) 243-254.
[167] K. Chandran, R. Nithya, K. Sankaran, A. Gopalan, V. Ganesan, Synthesis and
characterization of sodium alkoxides, Bull. Mater. Sci. 29 (2006) 173–179.

200

